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’ INTRODUCTION

Growing energy and environmental challenges facing the
world today have made fuel cell research, particularly the
development of nonprecious group metal (non-PGM) catalyst
for oxygen reduction reaction (ORR) an important area of
energy-related research.1 Fuel cells, the polymer electrolyte
membrane fuel cell (PEMFC) in particular, represent a promis-
ing technology that is capable of generating energy in a clean and
sustainable way. In the past two decades or so, significant
research effort has been focused on reducing the barriers for fuel
cell commercialization, such as the high cost, limited durability,
and unsatisfactory performance. The use of Pt in the PEMFC
catalysts, mainly those for the cathode, limits the fuel cell
performance and contributes to the high fuel cell cost. (The
price of Pt increased from $443/troy ounce in January 2000 to
$1789/troy ounce in January 2011, reaching as much as $2,280/
troy ounce at its maximum in March 2008).2 The limited
abundance in the earth crust likely deems Pt unsustainable for
mass use in high-power fuel cell systems. Furthermore, poor
stability of Pt under the operating conditions of the fuel cell
cathode negatively impacts the PEMFC durability. Thus, the
development of non-Pt catalysts is likely to be required for the
large-scale commercialization of fuel cell systems.

In the past decade, significant progress has been achieved in
the catalytic activity and durability of nonprecious group metal
catalysts derived from transition metals, nitrogen and carbon.3,4

Recently, the non-PGM catalytst synthesized with Fe and cyan-
amide has demonstrated an open cell voltage (OCV) of 1.04 V
and current densities of 165 A cm�3 at 0.80 V,5 allowed to meet
the 2010 US DOE target for the volumetric ORR activity of non-
PGM catalysts (130 A cm�3 at 0.80 V).6 These encouraging
results will likely fuel further non-PGM catalyst research.

In spite of progress in non-PGM catalysts to date, there are
some fundamental challenges that impede the improvement in
mass activity of the catalysts, inhibit innovative synthetic route
design, and impede breakthroughs. These challenges are primar-
ily associated with the nature, structure and ORR mechanism at
heat-treated catalysts. While the heat treatment enhances the
catalyst activity and stability it also makes the active-site identi-
fication extremely difficult, if at all possible. Consequently,
further increase in the active-site density and mass activity of
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ABSTRACT: The active site structure of nonprecious group metal
catalyst is a puzzle which inhibits innovative synthetic route design
and impedes breakthroughs. In an effort to understand the origin of
the catalytic activity of Co-PPy composites, we employed density
functional theory (DFT) and experimental measurements to inves-
tigate the structure and energy of possible catalytic sites and the
corresponding reaction pathways for the oxygen reduction reaction
(ORR). Four different structures of the active site are examined,
including two previously postulated in the literature. In order to
determine the probability of their existence, the stability of each
structure is evaluated. The corresponding Co(III)/Co(II) redox
potentials are calculated and, based on the obtained data, the
involvement of either Co(III) or Co(II) in the ORR under fuel
cell-relevant conditions postulated. Possible configurations of oxygen adsorption on the active centers are also examined, including
the end-on and side-on cases. The possible reaction pathways and reaction products generated at the various active centers are
evaluated based on Yeager0s concept correlating ORR products with the configuration of oxygen adsorption. The catalytic activity is
found to be significantly different for the various sites and depends strongly on the electrode potential. The computational data are
critically compared with experimental spectroscopic (EXAFS and FTIR) and electrochemical data (CV, RDE, and RRDE). The
insights into the active structures and their associated catalytic activity as well as selectivity for four-electron oxygen reduction are
expected to provide guidance for further catalyst optimization.
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non-PGM catalysts is difficult as is the design of alternative and
innovative routes for new catalyst synthesis.

Much effort has been devoted to gaining knowledge of the
nature and structure of active ORR site(s) in non-PGM
catalysts.7�25 The likely active-site structures have been sum-
marized by Dodelet in a 2006 review of non-PGM catalyst
litereature.1 The sites include the following most frequently
considered ones: (a) M-N4 site, similar to the one proposed
for metal macrocycles by van Veen et al.;10 (b) M-Nx sites, first
proposed by Yeager and co-workers,7,8 and further developed by
the Dodelet group, and others;1 and (c) metal-free carbon
structure, as originally proposed by Wiesener11 (with metal
serving merely as a catalyst for the ORR active-site formation).

The debate about whether or not the transition metal is a part
of the catalytic site is at the center of active-site discussion in the
non-PGM catalyst research community.23,26 A number of theo-
retical studies were carried out in order to simulate various
catalytic sites with27�30 and without the metal.31,32 The results
indicate that catalytic sites with and without a transition metal
could catalyze a four-electron ORR.

In order to understand non-PGM catalyst active-site structure
and reaction mechanism, electrochemical studies of cobalt poly-
pyrrole (Co-PPy) catalyst systems with and without the heat
treatment have been carried out.3,33�35 The studies demon-
strated that even without the heat treatment, Co-PPy exhibits
ORR activity. In the case of a non-heat-treated Co-PPy, rotating
ring-disk electrode (RRDE) data yielded an average number of
electrons transferred per O2molecule in the reaction of 2.2 at 0.3
V (vs RHE). That number increased to 3.1 after the heat
treatment. The study also showed that the number of electrons
transferred is a function of electrode potential. For untreated Co-
PPy catalysts, the number rose to 2.8 when the electrode
potential was increased to 0.6 V (vs RHE), however, the number
decreased to about 2.6 for heat treated catalysts at the same
potential.35 Thus, at this potential, the electron transfer number
with heat-treated catalyst is less than that without heat treatment.
An X-ray photoelectron spectroscopy (XPS) study indicated the
existence of two types of nitrogen in untreated Co-PPy catalysts
giving rise to N 1s peaks at 398.5 and 399.9 eV, respectively.35

The first peak was assigned to the Co�N binding and the second
to the N�H binding in pyrrole. Since it was demonstrated that
pyrrole could not catalyze ORR, the catalytic activity of untreated
Co-PPy can be attributed to Co�N sites with some probability.
Two types of active-site structures were postulated in the
literature: one involving cobalt coordinated by four nitrogens34

and the other with only two nitrogens.3

In an effort to better understand the performance of Co-PPy
catalysts, we employed density functional theory (DFT) for
exploring the active-site structures and ORR mechanism in
non-heat-treated Co-PPy. We focused on several types of
active-site structures. We first studied their structure properties
and these properties are compared with available experimental
structure data, such as FTIR, XRD, and EXAFS. We further
examined the stability of these structures. With the modified and
validated redox potential calculation method, we evaluated the
redox potential for different structures to understand their
contribution to ORR activity at various potentials. We also
investigated possible oxygen adsorption configurations to under-
stand reaction pathways and products. The results of this
theoretical study were then critically compared with electroche-
mical data, including the experimentally observed dependence of
ORR activity and selectivity on potential. The insights into the

active structures and their associated catalytic activity as well as
selectivity for four-electron oxygen reduction are expected to
provide guidance for further catalyst optimization.

’COMPUTATIONAL METHODS

In this work, we used Materials Studio DMol3 (version 4.0)
program from Accelrys36,37 to carry out DFT calculations with
Vosko�Wilk�Nusair38 local correlation functional, and Becke39

and Perdew�Wang40 (VWN-BP) no local correlation func-
tional. An effective potential with relativistic effect accounted
DFT semicore pseudopotential was applied for the cobalt atom.
Double numerical plus (DNP) polarization function basis sets
were employed in the calculations. The spin-unrestrictedmethod
was used for all open-shell systems. The geometry convergence
thresholds for energy change, max force, and max displacement
were 0.00002 hartree, 0.004 hartree/Å�, and 0.005 Å�, respectively.
Our previous studies of the transition metal macrocycle systems
have demonstrated that the computational methodology pro-
vides satisfying geometric structures and electronic properties,
such as ionization potential and oxygen binding energies for this
type of system.41

We utilized a modified version of the approach proposed by
Nørskov et al.42,43 in reversible potential calculation. In our
interpretation, the reversible potential of an electron transfer
reaction in acidic solution,

A þ Hþ þ e� f AH ð1Þ

can be calculated with reference to the proton reduction reaction
in acidic solution,

Hþ þ e� f 1=2H2 ð2Þ

Thus, thermochemical calculation of the electrochemical reac-
tion 1 referenced to the standard hydrogen electrode can be
simplified as a calculation of a chemical reaction 3 obtained by
subtracting reaction 2 from reaction 1,

A þ
1

2
H2 f AH ð3Þ

The result is interpreted as the electrochemical potential of
reaction 1 versus the standard hydrogen electrode potential.

While the resulting reaction 3 is the same as that proposed by
Nørskov et al., the interpretation of this reaction is different. In
the calculation of free energy change,ΔG0 =ΔE +ΔZPE + TΔS,
ΔE is the electronic energy change term, ΔZPE is the zero point
energy correction term and TΔS is the entropy change term.
Nørskov et al. took TΔS values from standard tables for
molecules in the gas phase and used a first principle theoretical
method to obtain ΔE and ΔZPE terms. In our approach, we
omitted the TΔS term because of the complexity and low
accuracy of the entropy calculations for nongaseous systems.
Instead, an empirical correction was introduced to the calculated
standard potentials, based on the correlation between the
accurately determined experimental44 and the calculated stan-
dard potentials for a number of relevant redox systems:

O2 þ Hþ þ e� T HO2 ð4Þ

HO2 þ Hþ þ e� T H2O2 ð5Þ

HO2 þ Hþ þ e� T O þ H2O ð6Þ
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H2O2 þ Hþ þ e� T HO þ H2O ð7Þ

O þ Hþ þ e� T OH ð8Þ

HO þ Hþ þ e� T H2O ð9Þ

CoðOHÞ3 þ Hþ þ e� T CoðOHÞ2 þ H2O ð10Þ

The computational results are compared with the experimen-
tal data in Figure 1. The experimental reversible potentials were
taken from the book “Standard Potentials in Aqueous Solutions”.44

For reaction 10, the experimental number was obtained by
correcting the redox potential in the alkaline solution (pH effect)
using Nernst equation.44 The figure clearly demonstrates that
there is a good correlation between the experimental and com-
puted reversible potential values. In the remaining part of the
work, all calculated reversible potentials are corrected using the
relationship shown in Figure 1.

’ACTIVE-SITE STRUCTURE MODELS

In the literature, there are two postulated ORR active-site
structures for Co-PPy catalysts: a four-N coordinated structure
by Yuasa et al.34 (Scheme 1a) and the two-N coordinated struc-
ture by Bashyam and Zelenay3 (Scheme 1b).

A previous XPS study showed the existence of Co�N in non-
heat-treated Co-PPy catalyst. Amorphous Co was also detected
by electron paramagnetic resonance (EPR) spectroscopy in such
non-heat-treated Co-PPy catalysts as indicated by the broad
resonance near g = 2 in Figure 2a.45 After activation by the heat
treatment (Figure 2b), the EPR signal changes dramatically. The
narrow isotropic, resonance (as opposed to the broad, axially
symmetric resonance of Figure 2a) is clearly not consistent with
amorphous Co, and the resonance is also not consistent with
EPR signals detected from PPy, carbon, or Nafion. In addition,
the temperature dependence in Figure 2b, where the signal
intensity initially decreases and then increases with decreasing
temperature suggests that the signal is due to isolated metal sites,
most likely Co2+ ions.46,47 Furthermore, the absence of hyperfine
splitting implies that the ions have been incorporated into a
network structure, such as a carbon ring that does not contain
nuclei with nonzero spins. Another FTIR study of Co-PPy catalysts

revealed the presence of a band near 1100 cm�1, assigned to
Co�N vibrational mode.48

In order to explore other possible structures, we also searched
crystal structures containing cobalt and pyrrole. Below, we
present the results of the study involving four possible structures
as shown in Figure 3 and elaborated on in the following sections.
These structures are as follows:
(a) Type A: two-N, two-polypyrrole-chains coordinated

structure proposed by Bashyam and Zelenay;3

(b) Type B: two-N, one-polypyrrole-chain coordinated struc-
ture; similar to M�N2 structure proposed in the literature;

1

(c) Type C: π-coordinated structures, observed in crystals
containing cobalt and pyrrole;49

(d) Type D: four-N and four-polypyrrole-chain coordinated
structure proposed by Yuasa et al.34

The structures in Figure 3 illustrate different types of bonding
between Co and polypyrrole. In addition, as cobalt is a transition
metal, it will generally form coordination complexes. So for the
active site structure, besides polypyrrole, water ligands are
coordinated with cobalt. Moreover, six-coordination structure
is employed in this work as the report showed that six-coordina-
tion distorted octahedral structure is a preferred coordination
structure for cobalt polypyrrole.50

’RESULTS AND DISCUSSION

Structure Study. With DFT methodology presented in the
Computational section, we optimized all active site model struc-
tures. The results are presented and discussed in this section.
Furthermore, we compared the computational results with
available experimental data and discussed the likelihood of each
structure in the cobalt polypyrrole composites.
For structure D1 (Figure 4), it is clear that Co can form two

strong bonds with the negatively charged pyrrolic nitrogens
(RCo�N = 1.88 Å) but not with the neutral, protonated pyrrolic
nitrogen (RCo�N = 5.86 Å). Furthermore, unlike the porphyrin
systems, in which the electrons are delocalized over the aromatic
rings and the structure is planar, polypyrrole has a nonplanar
gauche structure, with a torsional angle between two neighboring
rings (<NCCN) of about 30� (a planar structure would have a
torsional angle of 180�).51 Co-PPy has a nonplanar structure as
well. As illustrated in Figure 5, even with the smallest single
pyrrole units, the structure A1 is nonplanar. Therefore, the
formation of four nitrogen-coordinated Co structures associated
with four polypyrrole chains, as proposed in the literature,34 is

Figure 1. The relationship between experimental reversible potentials
and calculated reversible potentials.

Scheme 1. Active-Site Structures Postulated in the Litera-
ture: (a) N4 Coordination Proposed by Yuasa et al.;33 (b) N2

Coordination Proposed by Bashyam and Zelenay.3
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unlikely. One can bring two arguments in favor of this conclu-
sion: first, the neutral pyrrolic nitrogen forms a weak bond to Co;
second, due to a steric hindrance, Co can only accommodate two
polypyrrole chains, as seen in Figure 4. As a result, the optimized
structure of D1 is very similar to structure type A in the sense
that in both cases, Co is bonded to two nitrogens. Thus, in
the following discussion, we will no longer separately consider
the type D structure, as it is not sufficiently distinguishable from
the type A structure. The optimized structures of the remaining
three models are depicted in Figure 5; the bond distances for
these structures are given in Table 1.
Experimental evaluation of catalyst structures has been con-

ducted by X-ray diffraction (XRD) and extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy. In particular, it was
shown that mononuclear Co has the nearest N/O shell at a
distance of 2.07 Å.52 For the purpose of comparing with the
available experimental data, we calculated averaged distances

between cobalt and nitrogen (RCo�N) and between cobalt and
oxygen (RCo�O) in the first shell (Table 1).We then obtained the
average Co�N/O distance (RCo�N/O) from the following
expression:

RCo�N=O ¼
NCo�NRCo�N þ NCo�ORCo�O

NCo�N þ NCo�O
ð11Þ

where NCo-X (X = N or O) is the number of Co�X bonds in the
first shell. Strikingly, the calculated average distance (RCo�N/O)
of the model structures is exactly 2.07 Å, i.e., the experimentally
measured value.52

Another available experimental structure information is the
FTIR spectra of Co-PPy on carbon support (C-PPy-Co) recently
reported by Martinez et al.48 The spectra showed increased
adsorption at 1116 cm�1 compared to the spectra of C-PPy
(polypyrrole on C support without Co). To investigate the
significance of the peak at 1116 cm�1, we performed DFT
calculations with Gaussian09.53 We report our results obtained
using the LanL2DZ54�57 basis set and B3LYP58 functionals. The
calculationswere also verified using other basis sets [6-31++G(d,p)]
and exchange-correlation functionals [BLYP and BPW91]. An
increase in IR adsorption for a peak centered at 1071 cm�1

(without frequency correction) was predicted for the A1 struc-
ture, whereas for the B1 structure a similar increase was predicted
for a peak at 1048 cm�1 (without frequency correction). These
increases in adsorption are due to new modes of in-plane
vibration involving the two pyrroles bonded to Co as shown in
Figure 6. The C1 structure does not give rise to an extra peak in
the 1116 cm�1 (( 10%) region. The experimental frequency is

Figure 2. Electron paramagnetic resonance spectroscopy of Co-PPy catalysts: (a) unactivated, (b) temperature dependence of activated catalysts.

Figure 3. Active-site structure models.

Figure 4. Optimized structure of D1. (Color: light blue � Co; dark
blue � N; red � O; gray � C; white � H.).
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slightly higher than that calculated, an expected difference as the
pyrrole groups in the real catalyst are likely more rigid due to the
bonding to the rest of the polymer chain. The presence of
additional H2O ligands around the Co center can also cause a
blue shift. In brief, the DFT analysis of infrared spectra reported
by Martinez et al.48 strongly indicates the presence of the A and/
or B type structures in Co-PPy catalysts. This, however, does not
rule out the presence of C-type structures, since such structures
are not expected to significantly alter the infrared spectra.
Stability Study. In order to estimate the stability of the model

structures in the solution, we calculated their relative energies of
formation from hydrated cobalt ions and polypyrrole as shown in
eqs 12 to 14. For an exothermic reaction (a negative heat value),
the calculations point to the cobalt-polypyrrole structure being
energetically more favorable than the structure involving hy-
drated cobalt ions.

½CoðH2OÞ6�
2þ þ 2H-PPyn

þ 4=3ðH2OÞ3 f PPyn-Co-PPynðH2OÞ4

þ 2½HðH2OÞ3�
þ ð12Þ

½CoðH2OÞ6�
2þ þ H2-PPyn

þ 4=3ðH2OÞ3 f Co-PPynðH2OÞ4

þ 2½HðH2OÞ3�
þ ð13Þ

½CoðH2OÞ6�
2þ þ H-PPyn

þ 4=3ðH2OÞ3 f ½Co-HPPynðH2OÞ2ðOHÞ2�

þ 2½HðH2OÞ3�
þ ð14Þ

The calculated results are listed in Table 2. All reactions have
negative ΔE values indicating that cobalt polypyrrole structures
are more stable than hydrated cobalt ions. We also performed
free energy calculations for a few selected systems. The results
(not shown) indicate that the entropy and enthalpy corrections
for the respective systems are in the range of 0.13 to 0.35 eV, not

high enough to significantly affect the calculated free energy
changes, which remain below �2 eV.
Reversible Potential Calculations. To evaluate and under-

stand reactionmechanism, one needs to know the oxidation state
of cobalt at different potentials. To achieve this, we employed the
reversible potential calculation methodology presented in com-
putational section. We calculated the reversible potential of the
model systems (Table 3). Based on the theoretical results, Co
may exist in +3 or +2 oxidation states between 0.2 and 0.8 V vs
RHE, i.e. in the potential range used in the previous experimental
study.35 The oxidation state depends on the metal coordination
and is +2 for A2 and C1, +3 for B1, and +2 or +3 for A1. The
redox potential calculated for the latter structure (ca. 0.34 V vs
RHE) agrees reasonably well with that determined experimen-
tally by Yuasa et al. for a Co(III)/Co(II) redox couple in their
CoPPy catalyst (ca. 0.54 V vs RHE).34 With knowledge of redox
potential of these model systems, we can identify the state which
initiates the oxygen adsorption process as discussed in the next
section.
Reaction Mechanism Studies: Oxygen Adsorption Model.

The slow ORR kinetics originates from the high strength of the
O�O bond; the function of the catalyst is to facilitate the
dissociation of that bond. The catalyst's ability to interact with
oxygen and the degree of that interaction are essential for its
activity in the oxygen reduction reaction. If the interaction
between the catalyst and oxygen (the M�O interaction) is very
weak, then the catalyst is likely to show no catalytic activity.
However, too strong an interaction leads to the poisoning of the
catalyst surface and renders it inactive (Sabatier’s law59). There
are three generally accepted types of interaction between transi-
tion metals and oxygen: side-on, end-on, and bridge (Figure 7).60

Yeager has proposed that the type of interaction between
catalyst and oxygen dictates the oxygen reduction pathway and
reduction products.61 For side-on adsorption, more electrons are
transferred to oxygen, which weakens the O�O bond to the
extent that an O�O bond breaking becomes inevitable. There-
fore, a four-electron (4e) reduction is likely to follow, resulting in
water as a sole reaction product. Alternatively, the catalysts that

Table 1. Optimized Structure of Model Cobalt Polypyrrole
Systems

system

spin

multiplicity

RCo�N (Å)

(average)

RCo�O (Å)

(average)

RCo�N/O (Å)

(average)

A1 2 1.93 2.02 1.99

A2 2 2.00 2.34 2.23

B1 2 1.89 2.23 2.12

C1 2 1.93 1.93

average 2.07

experiment 2.07

Figure 5. Optimized structures of A1, A2, B1, and C1. (Color: light
blue � Co; dark blue � N; red � O; gray � C; white � H.).

Figure 6. Vibrational mode corresponding to increased infrared ab-
sorption at 1071 cm�1 for structure A1 (a) and 1048 cm�1 for structure
B1 (b). (Color: light blue � Co; pink � N; yellow � C; blue � H.).
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do not stretch the O�O bond to such extend as to break the
bond can assist in a 2-electron (2e) reduction of oxygen to H2O2.
The latter process may be followed by several electrochemical
and/or chemical steps, eventually resulting in an indirect 4e
reduction of oxygen to water.62 In this work, we adopted Yeager’s
concept and used oxygen adsorption configuration as a base for
deducing the reaction pathway, i.e., the side-on adsorption indicat-
ing a 4e pathway and the end-on adsorption attesting to either
2e or 4e pathways. On the basis of our current knowledge of
Co-catalyzed oxygen reduction reaction, we further postulate that
the end-on adsorption on Co leads to 2e products. In this work,
we have calculated the end-on and side-on oxygen adsorption on
model structures with either Co(II) or Co(III) as active centers.
As illustrated in Figure 5, cobalt is coordinated with poly-

pyrrole and water ligands. With the presence of oxygen, the
oxygen will replace water (see Figure 8) and be adsorbed on Co.
For end-on adsorption, our work showed that one water
molecule would be replaced. For side-on adsorption, as more
space is required, two water molecules would be replaced. The
energy change of oxygen adsorption to the catalyst is calculated
using the following equation:

Eads-O2 ¼ Ecatalyst-O2 þ EH2O � Ecatalyst � EO2 ð15Þ

where Ecatalyst-O2, EH2O, Ecatalyst, and EO2 are energy of catalyst
with oxygen adsorbed on, energy of water, energy of catalyst and
energy of oxygen respectively. A negative adsorption energy
value indicates an exothermic adsorption process. The calcula-
tion results are summarized in Table 4.
Several observations stem from the data in Table 4: (a) The

end-on and side-on configurations are all stable, except for A1
with Co(III). (This result is quite different from those for Co
porphyrin and phthalocyanine catalysts, in which cases the side-on
configuration is not stable.)41; (b) among the active-site

structures studied, the end-on adsorption is preferred on all
instances, except A2; (c) in the case of structure A1, with Co(III)
as an active center, the side-on adsorption is not stable and end-on
adsorption is likely too weak for ORR catalysis.
Further examination of the side-on adsorption configuration

reveals that the instability of that O2 adsorption mode for cobalt
porphyrins and phthalocyaninesmight be attributed to the planar
structure of these systems. The plane defined by the Co center
and four coordinated nitrogens cannot accommodate the side-on
diatomic oxygen molecule. In order to allow for a stable inter-
action with a side-on O2, cobalt needs to be out of the plane
defined by the nitrogens.
The active centers and reaction mechanisms for possible

oxygen configurations and adsorption energies are presented in
Table 5. At a low potential, the active-site structure A1 with
Co(II) active center is expected to support the 2e pathway. At a
high electrode potential, the active-site structure A1 does not
have catalytic activity as its ability to bind oxygen is very limited.
The active-site structure A2, which involves two three-polypyr-
role chains, should contribute mainly to the 4e pathway. While
for active-site structure B1, the end-on and side-on adsorption
energies are very similar; the structure will contribute equally to
the 2e and 4e pathways. The active-site structure C1 will
contribute mainly to the 2e pathway. On the basis of these
results, at 0.3 V there are more 2e pathways than 4e pathways. At
0.6 V, the 2e pathways decrease due to the fact that at this
potential Co(III) in the type A1 structure does not effectively
catalyze the ORR. From these structure models, we can obtain
the following qualitative analysis: at low potential there are more
2e pathways than that at high potential, hence more hydrogen
peroxide yield and low electron transfer number at low potential.
Although this analysis is based on the limited model structures, it
is interesting to see that the trend is consistent with experimental
observation. At 0.3 V, RRDE experiments give 88% hydrogen
peroxide yield (the yield corresponding to an average transfer of
2.2 electrons per one O2molecule) while at 0.6 V, 68% peroxide
yield (2.8 electrons per one O2 molecule) (Figure 9).
A reduction peak potential of 0.44 V vs RHE33 and a dominant

two electron pathway for ORR on cobalt doped polypyrrole films
was reported in another experimental study. The analysis pre-
sented above can also account for the observed such a two-
electron reduction pathway.
We can further extend this analysis to heat-treated catalysts. In

heat-treated systems, it is generally believed that a network is
formed among active site and carbon.63 Since A1 structure is a

Figure 8. , Example of oxygen adsorption structures: (a) end-on
adsorption on A2 structure; (b) side-on adsorption on A2 structure.
(Color: light blue� Co; dark blue�N; red�O; gray� C; white�H.).

Table 2. Calculated reaction energies

Structure System Calculated ΔE (eV)

A1 PPy-CoPPy-(H2O)4 �2.55 (eq 12)

A2 PPy3-Co-PPy3 -(H2O)4 �2.89 (eq 12)

B1 Co-PPy2-(H2O)4 �2.40 (eq 13)

C1 Co-HPPy3-(H2O)2(OH)2 �2.43 (eq 14)

Table 3. Calculated Co(III)/Co(II) reversible potential of
the model systems

Model Calculated reversible potential vs RHE (V)

A1 0.34

A2 0.91

B1 0.16

C1 1.17

Figure 7. Illustration of oxygen adsorption configurations.
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one-unit isolated structure, the least networked structure. This
isolated structure is unlikely to exist after the high-temperature
treatment, which will lead to a reduction in the hydrogen peroxide
yield in heat-treated catalysts. Such an H2O2 yield reduction was
indeed experimentally observed in reported work.35

’DISCUSSION

Theoretical simulation indicates that various active-site struc-
tures could contribute to the ORR activity of non-heat-treated
Co-PPy catalysts, with both Co(III) and Co(II) playing the role
of an active center, i.e., the center that initiates the interaction
with O2. In reality, given the fact that ORR involves electron
transfer processes, both Co(III) and Co(II) play a role in the
catalysis. The type A structure, where Co can exist in either +3 or
+2 or both +3 and +2 oxidation states in the potential region of
interest (Tables 4 and 5), can contribute to the observed
potential dependence of the hydrogen peroxide generation rate.
We therefore postulate that for untreated Co-PPy composites,
the presence of the type A structure is likely. Also, experimental
studies indicate that the cobalt to nitrogen ratio is about 1:2,35 as
expected for the type A structure.

Experiments have shown that the amount of peroxide produc-
tion is potential dependent. Our theoretical calculations indicate
that this may be related to the dependence of the active center
formation on potential and its participation in different reaction
pathways. The calculations thus imply that more than one active
site contributes to the ORR activity observed with untreated
cobalt-polypyrrole catalysts.

Another insight provided by the theory is that the side-on
oxygen adsorption requires more space than the end-on adsorp-
tion. This may be one of the reasons why cobalt porphyrin and
phthalocyanine systems cannot form stable side-on adducts. The
destruction of the ordered structure of such a macrocyclic catalyst
during the heat treatment is likely to increase the number of sites

that facilitate the side-on oxygen adsorption and this lead to an
increase in the number of electrons transferred in the ORR.

’CONCLUSIONS

In a theoretical study of the cobalt-polypyrrole ORR catalyst,
we investigated four types of active-site structures and evaluated
their stability, redox potential, and O2 adsorption configuration.
We also discussed possible reaction mechanisms. The computa-
tional results are compared with available experimental data such
as FTIR, XRD, EXAFS, and CV. The results of the work were
used for the interpretation of the experimental data obtainedwith
the non heat-treated CoPPy catalyst system. The conclusions
from this study can be summarized as follows:
(1) The active-site structure involving cobalt coordinated

by four nitrogens in separate polypyrrole chains is not
possible.

(2) A strong coordination bond can be formed between
cobalt and a negatively charged (deprotonated) pyrrolic
nitrogen but not between cobalt and neutral (protonated)
pyrrolic nitrogen.

(3) There are many possible ORR active-site structures with
significantly different redox potentials and oxygen binding
energies. Both the redox potential and O2 binding energy
are greatly affected by the polypyrrole-chain size. Depend-
ing on active-site structure, both Co(III) and Co(II)
could act as active centers.

Table 4. Calculated Oxygen Adsorption Energies

model/oxidation

state

end-on adsorption energy

(eV)

side-on adsorption energy

(eV)

A1/Co(II) �1.32 �1.12

A1/Co(III) �0.25 0.18

A2/Co(II) �0.38 �0.77

B1/Co(III) �0.86 �0.76

C1/Co(II) �0.93 �0.61

Table 5. Active Centers and Possible ORR Mechanism at
Different Potentials

structure active center dominate ORR mechanism

at 0.3 V vs RHE

A1 Co(II) 2e

A2 Co(II) 4e

B1 Co(III) 2e, 4e

C1 Co(II) 2e

at 0.6 V vs RHE

A2 Co(II) 4e

B1 Co(III) 2e, 4e

C1 Co(II) 2e

Figure 9. Experimental RRDE results for untreated (UT) and heat
treated (800 �C) Co-PPy/C: (a) hydrogen peroxide yield; (b) electron
transfer number as a function of electrode potential.35.



16679 dx.doi.org/10.1021/jp2027719 |J. Phys. Chem. C 2011, 115, 16672–16680

The Journal of Physical Chemistry C ARTICLE

(4) The cobalt-polypyrrole system can participate in the
formation of stable oxygen adducts in both end-on and
side-on configurations, which represents a notable differ-
ence between these catalysts and cobalt porphyrin and
cobalt phthalocyanine systems.

(5) The type A1 structure is likely responsible for the
potential dependence of hydrogen peroxide formation
(the average number of electrons transferred in theORR). A
decrease in the H2O2 yield observed with heat-treated
systems can possibly be linked to the disappearance of the
type A1structure in the catalyst.

(6) A good correlation between experimental and calculated
redox potentials was demonstrated with the modified
redox potential calculation method.

Our work demonstrates that the structure of cobalt polypyr-
role system is indeed very complex. With limited structure
models, we can qualitatively explain the experimentally observed
peroxide formation at different potentials. Further studies are
required to get a complete review of the cobalt polypyrrole system.
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