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Nitrogen-doped carbon catalysts, which have

high activity and durability for the oxygen Pyr-NH"+ "+ 0, Oz.00 + pyri-NH

reduction reaction (ORR) in fuel cells, are pyri-NH Coaparative band

currently attracting a great deal of attentiqn as ’ * _1_ into 1* of pyri-NH @)@
electrode catalysts that can replace platinum . A .
from the viewpoint of resource availability and : : —'— + n

catalyst costs. We have reported that the Y -H-

pyridinic nitrogen creates the active site for

ORR, and that the deactivation in the acidic

electrolyte is responsible for the protonation and hydration of the pyridinic nitrogen. We have also
found a unique reaction-mechanism that the reduction of pyridinium ions and the adsorption of
oxygen molecules are coupled. In this review paper, we summarize the understanding of the
functions of nitrogen-doped carbon catalysts, and then provide principles for catalyst design.
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Figure 2. Graphitic and pyridinic nitrogen

species and their binding energies.’
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Figure 3. Structural and elemental

characterization of four types of N-HOPG
model catalysts and their ORR performance.
(A) Optical image of patterned edge-N-HOPG.
(B) The AFM image obtained for the region
indicated by the yellow rectangle in (A). (C)
Three-dimensional representation of (B). (D)
Line profile of the AFM image obtained along
the blue line in (B). (E) N1s XPS spectra of
model catalysts. (F) ORR results for model
catalysts corresponding to (E). Nitrogen
contents of the model catalysts are shown as
the inset in (F).
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(a) Increase in redox potential by O, adsorption
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Figure 5. Proposed model for reduction of pyri-
NH* coupled with adsorption of 02’ a)
Calculated redox potentials of pyri-NH*/pyri-
NH with and without O2 adsorption for 1,10-
phenanthroline and benz[h]quinoline in water
b)

reduction,

at different relative permittivities.

electromediated  simultaneous
where electron is supplied into m* orbital of
1,10-phenanthroline which was used for Oz
adsorption. The energy gain due to the
adsorption energy of O drives the reduction of
pyri-NH*. The adsorbed O:2 is negatively

charged at 6=0.31.
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Figre 6. pH-dependent electrochemical

1.9 A. Reduction curves of 1 at

reduction of
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. C. pH-dependent ORR
activity of 1 in Og-saturated solutions. ORR
curves at pH values of 13.0, 13.5, and 14.0. D.
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).
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Figure 7. Preparation of the caged-NrGO
catalyst, and its physical and chemical
properties.'® a) Schematic of the synthesis of
3D N-doped porous graphene (caged-NrGO)
catalysts using NaCl crystals as spacers; b),
c) Scanning electron microscopy images
illustrating stacked 2D graphene sheets of
NrGO(Nitrogen reduces Graphene Oxide)
and the 3D morphology of caged-NrGO.
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Figure 8. Promotion of the activity of caged-
NrGO by the introduction of PSiP.!* a) Linear
sweep voltammograms of the ORR for NrGO
(purple), caged-NrGO (red) and Pt/C(20 wt %)
(yellow) with (dotted lines) and without (solid
lines) PSiP with a rotation speed of 1600 rpm
for the disk electrode measured in an Oo-
M  H2SO4
Scanning electron microscopy images of
caged-NrGO with PSiP; c) Schematic of PSiP

depicting  Nafion®

saturated 0.1 electrolyte; b)
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structure.
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Figure 10. A) Schematics of oxidative and reduced flavins. B) Resonant mixing of anionic reduced flavin.

C) Reaction of anionic reduced flavin with molecular oxygen.22D) 13C NMR spectra of the bacterial

luciferase complex with FMN isotopically enriched at position C-4a.!® The spectra of oxidized (1)

and fully reduced (ll) complexes were recorded at 25 °C in a solvent mixture of ethylene glycol and

phosphate buffer. (lll) was measured after the addition of oxygen to (Il) at -15 °C.
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