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ABSTRACT: Nitrogen-doped graphitic carbon has been
intensively studied for potential use as an electrocatalyst in
fuel cells for the oxygen reduction reaction (ORR).
However, the lack of a mechanistic understanding on the
carbon catalysis has severely hindered the progress of the
catalyst development. Herein we use a well-defined
graphene nanostructure as a model system and, for the
first time, reveal an oxygen activation mechanism that
involves carbanion intermediates in these materials. Our
work shows that the overpotential of the electrocatalytic
ORR is determined by the generation of the carbanion
intermediates, and the current by the rate the inter-
mediates activate oxygen.

he oxygen reduction reaction (ORR) is a crucial step in
biological and industrial energy production. In aerobic
organisms, the kinetically inert oxygen is activated by enzymes
which, by forming complexes with the molecular oxygen,"
either facilitate or bypass the otherwise thermodynamically
unfavored superoxide formation.>* To directly convert fuels to
electricity in devices such as fuel cells, similar catalysts have
been sought after, especially those with high performance, high
endurance, and low cost that can outcompete the state-of-the-
art ORR electrocatalysts based on Pt or Pt alloys.>® Toward
this end, nitrogen-doped graphitic carbon has been intensively
studied as a possible candidate.” However, mechanistic studies
on carbon catalysis are severely hindered by the inhomogeneity
and complexity of the catalysts available. Consequently, our
understanding has been mainly empirical, and improvements of
the catalysts are primarily based on trial and error.>~”
Well-defined graphene nanostructures have recently emerged
as model systems for studying the carbon catalysis.*~'* Most of
the mesoporous graphitic carbon materials that are of interest
for catalytic applications contain curved sp* domains that have
nanometer dimensions."" Thus graphene nanostructures, which
can be made and functionalized through tightly controlled
solution-chemistry synthesis, allow for examination of empirical
knowledge on carbon catalysis and enable mechanistic studies
that have otherwise been impossible. For instance, Schlgl and
co-workers created a phenanthrenequinone cyclotrimer to
confirm a previous hypothesis that carbon-catalyzed oxidative
dehydrogenation of hydrocarbons is mediated by ketone-like
functional groups.® We recently used colloidal graphene
quantum dots to confirm the covalent interactions between
carbon-supported palladium nanoparticles, an important class
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of catalysts, and their supports.'> Herein we report on
mechanistic studies of the ORR catalyzed by N-doped graphitic
carbon with the well-defined graphene nanostructures. We have
discovered a mechanism that involves carbanions, for the first
time experimentally identifying an intermediate for oxygen
activation in these materials. This provides important insights
for understanding and possibly improving the ORR activity of
N-doped graphitic carbon catalysts.

Recently we reported on electrocatalytic ORR activity of
well-defined N-doped graphene nanostructures that resembles
the activity of more complex graphitic carbon.” This suggests
that they may share the same reaction mechanisms and that the
nanostructures may be excellent model systems for mechanistic
studies of the ORR catalyzed by graphitic carbon in general. In
this work we conducted detailed electrochemical studies of such
a nanostructure (1), aiming to correlate its electronic and redox

properties to its catalytic activity. The synthesis of 1 has been
reported previously.” Besides the conjugated core with a
phenazine moiety (marked red), 1 contains a trialkylphenyl
group (marked black) to prevent intermolecular 7-stacking and
to make 1 soluble in common organic solvents.'®"? As a result,
the properties of 1, even in the solid state, are primarily
determined by the individual molecules rather than their
aggregates. Shown in Figure 1 is a cathodic linear sweep
voltammetry (LSV) curve obtained with a solid film of 15 ug of
1 (9.6 nmol) on a glassy carbon electrode in an O,-saturated
0.1 M KOH aqueous solution (pH 13.0, solid curve, left axis).
The shoulder near —0.4 V (vs SCE) is attributed to the
electrocatalytic reduction of O,.” Measurements with a
rotating-disk electrode at various rotation speeds indicate that
the ORR goes through a four-electron pathway to yield water
(Figure S1, Supporting Information (SI)). X-ray photoelectron
spectroscopy (XPS) shows that the nitrogen dopants in 1 are
“pyridinic” (Figure S2, SI), a form widely present in N-doped
carbon with high ORR activity.’

We subsequently examined the electrochemical reduction of
1 in the absence of O,, hoping to identify the determining
parameters in the catalytic ORR activity. This was achieved
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Figure 1. Cathodic currents obtained with a solid film of 1 (15 ug)
deposited on a glassy carbon electrode with (solid curve, left axis) and
without O, (dotted curve, right axis) present. The measurements were
done in a 0.1 M KOH solution (pH 13.0), the former with LSV and
the latter with the DPV technique.

under the same experimental conditions except that the
electrolyte solution was saturated with argon. To increase the
measurement sensitivity and to eliminate the capacitive
background that could conceal any faradaic processes, we
applied the differential pulse voltammetry (DPV) technique
(details in the SI)'* and observed a reduction peak (dotted
curve in Figure 1, right axis) 2 orders of magnitude smaller than
that with O, present. Remarkably, the reduction of 1 occurs at
the same potential as the catalyzed ORR, suggesting that the
reduction product(s) of 1 may be responsible for activating the
oxygen and initiating the ORR.

To understand the nature of the electrochemical reduction of
1, we measured the reduction potentials at 25 °C and various
pH values and constructed the Pourbaix diagram. As shown in
Figure 2a, the reduction of 1 is clearly pH-dependent,
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Figure 2. pH-dependent electrochemical reduction of 1. (a) Reduction
curves of 1 at various pH values measured with DPV. (b) Poubaix
diagram of 1 at 25 °C constructed with the data in (a). The data points
are marked with crosses, and the red lines are the best linear fit for the
data point. Also shown are the proposed structures for the most stable
species in each region of the diagram.

indicating the participation of protons in the process."> The
Pourbaix diagram obtained is shown in Figure 2b, delineating
the potential and pH ranges in which either 1 or its reduction
products are thermodynamically stable."

At pH between 1 and 4, 1 undergoes two distinct reduction
steps. The potential of the first step varies with pH, following a
straight line with a slope of —126 mV per pH unit, consistent
with a concerted two-proton, one-electron process.'® Thus, we
conclude that the reduction product is a radical cation with a
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structure shown in Figure 2b (2). The transition from 1 to 2 is
described by the following equation,

1+2HY+e 52

for which the equilibrium potential, according to the Nernst
equation, is linear with respect to the pH value with a slope of
—118 mV per pH unit at 25 °C.

The second reduction step has a potential that is nearly
independent of pH (slope 3 mV per pH unit), indicating an
electron-transfer reaction involving no proton. Thus, we
determine the product as a neutral dihydrogenated species
(3, Figure 2b) and the reaction as

2+e -3

The two potential—pH lines representing the two reduction
steps in this pH range intersect at pH near 4. Thus, at higher
pH values, 2 is more easily reduced than 1 and undergoes
further reduction at the same potential where it is generated.
The pH dependence of the electrochemical reduction of 1 and
the products are similar to those of phenazine in an aqueous
environment,'® indicating that the N-related functionalities in
the graphene nanostructures play an important role in
determining the electrochemical processes.

In the pH range between 4 and 13, only one reduction step
was observed, as a result of the instability of 2. Remarkably, the
reduction potential now varies with pH, following a straight line
with a slope of —27 mV per pH unit, consistent with a
concerted one-proton, two-electron process. From stoichiom-
etry we can determine that the product is an amide anion with
structure 4 shown in Scheme 1,

1+H " +2 -4

Because of the delocalization of the negative charge over the
conjugated system (some of the resonance structures of 4
shown in Scheme 1), 4 possesses the characters of both an
amide anion and a carbanion. Due to its strong basicity, 4 in
water will undergo subsequent protonation to yield 3,

4+H" >3

involving no electron transfer, and hence is not registered
electrochemically. On the basis of the reported pK, for
dihydrophenazine (24.4),'° we anticipate that the pK, of 3
should be close to 20, which is confirmed by our DFT
calculations (Figure S3, SI).

Scheme 1. Resonance Structures of 4
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Interestingly, the electrochemical reduction of phenazine in
the similar pH range was reported to occur through a concerted
two-proton, two-electron process to yield dihydrophenazine in
a single step.'® Our observation that 1 goes through a different
pathway is likely due to the large conjugated system stabilizing
the anion 4, so that a two-proton, two-electron path is no
longer preferred.">'” The size dependence in the reduction
kinetics of these conjugated systems will be further investigated
in the future.

ORR measurements at various pH values further confirm
that the electrochemical reduction of 1 and the ORR catalyzed
by it are closely correlated. Figure 3a shows the ORR curves of
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Figure 3. pH-dependent ORR activity of 1 in O,-saturated solutions.
(a) ORR curves at pH values of 13.0, 13.5, and 14.0. A shift of —25
mV per pH unit is observed in the ORR onset potential, consistent
with the shift in the reduction potential of 1. (b) ORR curves at pH
values lower than 13.0, showing the decreasing ORR activity with pH.
The inset shows the 1/i ~ [H*] plot obtained from the data at —0.43
V, including some data points at pH values not shown here, and the
best fit (solid line). The data point at pH 11.3 was not included in the
fitting because of the negligible current. The results were obtained with
the LSV technique on a glassy carbon rotating-disk electrode (1500

rpm).

1 at three pH values, 13.0, 13.5, and 14.0. In this range the
curves shift to lower potentials with increasing pH values,
whereas the magnitude remains almost the same. The shift is
approximately —25 mV per pH unit, consistent with the shift of
—27 mV per pH unit in the reduction potential of 1 shown in
Figure 2b. It is clear that the ORR onset potential is determined
by the reduction of 1, and thus either 3 or 4 could be
responsible for initiating the oxygen reduction.

At lower pH values the ORR activity of 1 quickly decreases,
excluding the possibility of 3 activating the oxygen. As shown in
Figure 3b, lowering the pH value of the electrolyte solution
decreases the ORR activity of 1 drastically, a phenomenon
shared by almost all N-doped graphitic carbon except for those
containing metals such as Fe or Co.>® When the pH is lowered
to 11, almost no catalytic ORR is observed. The residual
current at potentials below —0.6 V may be due to uncatalyzed
reduction of O, to the superoxide (O,”), which has an
equilibrium potential of —0.57 V vs SCE.”> With 3 being the
thermodynamically stable species within the whole pH range
investigated, we conclude that 3 cannot be responsible for the
oxygen activation, and thus the decreasing ORR activity at
lower pH values is likely a kinetic effect rather than a
thermodynamic one.

The role of the anionic intermediate 4 in activating the
molecular oxygen is supported by DFT calculations (vide infra).
With the M06-2X hybrid density functional,'® we calculated the
affinity of 4 toward triplet oxygen. Figure 4 shows the key
portion of the molecular structures corresponding to the lowest
calculated Gibbs free energy before and after oxygen activation
at a carbon atom next to the protonated nitrogen atom
(marked by the “—” sign in the second structure from the left in

Figure 4. Geometry around the nitrogen atoms corresponding to the
lowest calculated Gibbs free energy before and after oxygen activation
by 4. Oxygen activation occurs at a carbon atom next to the
protonated nitrogen atoms. Oxygen, nitrogen, hydrogen, and carbon
atoms are marked red, blue, black, and gray, respectively.
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Scheme 1). The product is essentially an organic peroxide with
no net spin, stable by —0.09 eV in vacuum and —0.41 eV in an
aqueous environment relative to the reactants. The hydrogen
atom attached to the nitrogen migrates to the terminal oxygen,
resulting in an O—H---N intramolecular hydrogen bond and the
formation of a five-membered ring. The O—O bond length in
the adduct is 1.43 A, significantly longer than that of a triplet
oxygen molecule (1.20 A),>* suggesting that electrons are
effectively transferred to the antibonding orbitals of dioxygen.
According to our calculations, stable 4-O, adducts can also
form at other carbon atoms along the edge (Figure S4, SI) to
minimize the disruption to the aromatic system. Because the
subsequent reduction steps of oxygen after the first electron
addition have higher reduction potentials,>* the 4-O, adducts
will undergo further reduction to yield water as the final
product. Therefore, they are likely to be short-lived, and their
formation is likely the rate-limiting step for the ORR. In
contrast, our calculations confirmed that the covalent binding
between 3 and the triplet dioxygen is thermodynamically
unfavorable by more than 0.5 eV (Figure S5, SI). In our
calculations, the geometries, vibrational frequencies, zero-point
energies, and thermal corrections were obtained in vacuum
with the M06-2X functional using the 6-31G(d,p) basis set for
carbon and hydrogen atoms and 6-31+G(d,p) for nitrogen and
oxygen atoms.'” Aqueous solvation effects were calculated
using the SMD solvation model® with the 6-31+G(d,p) basis
set. The solvation energy was added to a vacuum single-point
energy obtained with the larger 6-311+G(2dfp) basis set. All
the calculations were conducted with the Gaussian-09 program
suite.

To form the 4-O, adduct shown in Figure 4, a spin inversion
is required, which typically is a slow process without heavy
atoms present.”">* This restriction in a heterocyclic aromatic
system such as 4 is alleviated by the presence of the nitrogen
atoms, wherein the mixing of the nonbonding orbitals with the
m-orbitals is well known to enhance the spin—orbit coupling
and thus promote the spin inversion.”** Meanwhile, the large
conjugated system decreases the exchange interaction between
electrons. This effectively decreases the singlet—triplet splitting,
and consequently increases the mixing of the states in the
singlet an;i2 giplet manifolds and can further facilitate the spin
inversion.™

Interestingly, the carbanion mechanism we reveal herein
bears remarkable resemblance to the oxygen activation
mechanism of flavin, a common cofactor for enzymes that
catalyze one- and two-electron-transfer reactions in aerobic
metabolism.>** Consisting of a substituted quinoxaline fused
with a uracil, the oxidized form of flavin can go through a one-
electron reduction to yield a semiquinone, or a two-electron
reduction to yield a fully reduced form. The latter, being an
anion in biological conditions, is known to activate oxygen by
forming a hydroperoxylflavin intermediate.*** In the fully
reduced flavin, the anion is stabilized by the electron-deficient
uracil moiety, whereas in 1, it is the large conjugated system
that stabilizes the carbanion. In both cases, the nitrogen atoms
present in the molecular structures are essential in determining
the redox properties and thus the functions of the catalysts.

With the carbanion mechanism, the pH dependence in the
ORR activity of 1 arises as a natural result of the competition
between oxygen activation by 4 and its protonation that
deactivates the catalyst. The observed ORR current is
determined by
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. _ . Rg
i=iy————

Ry + Ry
where Ry and Ry represent the rates of 4 reacting with oxygen
and with proton, respectively, and i, the ORR current when Ry
is negligible. Figure 3 indicates that the protonation is much
faster than oxygen activation at pH 11, and becomes negligible
at pH 13, where the current increases little with pH. The
oxygen activation rate, obtained from Figure 3a, is on the order
of 1072=107" 57! (~107* A for ~107® mol of catalyst). Thus,
with protonation as a first-order reaction, we estimate its rate
constant to be in the range of 10'°—10"" M~ s/, consistent
with the typical proton-transfer rate constant between water
and nitrogen-centered bases.?® In our estimate here, we used an
electron-transfer number of 4 per oxygen molecule, and 12 as
the pH value when Rg is comparable to Ryy. The presence of
competition between the two processes is further supported by
a linear 1/i ~ [H*] relation obtained experimentally (inset in
Figure 3b), consistent with 1/i = 1/i; (1 + Ry/Ro).

Our work for the first time experimentally reveals a molecular
mechanism for oxygen activation in N-doped graphitic carbon.
According to this mechanism, the overpotential of the catalyzed
ORR is determined by the generation of the carbanion
intermediates, and the current by the rate at which molecular
oxygen is activated by the intermediates. This could provide us
with valuable insights to improve the ORR catalytic activity of
such carbon materials. Parameters that determine whether the
ORR follows the four-electron pathway or the two-electron one
are not yet clear and are being investigated.
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