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Introduction
The design of advanced N-doped carbon materials as catalysts for oxygen reduction reaction
requires a detailed knowledge of the nature of the active sites. There is an important piece of
research seeking to overcome this challenge through experimental1 or computational2 studies.
However, studies that combine both of them are scarce and are necessary to deepen into the
knowledge of this key issue.
In this work, we present a detailed study that combines experimental results, based on PANIderived N-doped carbon materials, and DFT calculations. Pyridinic, pyrrolic, pyridonic, oxidized
and quaternary-type nitrogen species have been computed as catalytic sites for oxygen reduction
reaction (ORR) and compared with the experimental results.
Materials and Methods
PANI was heat treated in a tubular furnace by a two-step process. First, PANI was heat treated
under an oxygen-containing atmosphere at 1000ºC. Then, the second step consists of a new heat
treatment at 800, 1000 and 1200ºC under an inert atmosphere.
All resultant materials were characterized by Raman, N2 adsorption isotherms, Temperature
programmed desorption (TPD) and XPS. Furthermore, the catalytic activity towards ORR of the
samples were measured in a rotating ring-disk electrode in a 0.1M KOH solution.
Density Functional theory (DFT) at the B3LYP/6-31G(d) level was used in this study through
Gaussian 09 software. Self-consistent reaction field (SCRF) models of solvation in which the
solute is water were used with the aim of simulating the environment of the electrocatalytic
experiment.
Results and Discussion
All samples present type I N2 adsorption isotherms, characteristic of microporous materials and
the porous texture is similar in all the cases. Raman spectra for all samples show that the second
treatment under inert atmosphere does not produce an important modification of the structural
order. TPD demonstrates that the second treatment, regardless of the temperature used, removes
the oxygen groups created during the first heat treatment under oxygen-containing atmosphere.
XPS shows a transformation of pyridinic and pyridonic nitrogen species into quaternary-type
nitrogen functionalities and only one symmetric peak is detected in the sample heat treated at 1200
ºC associated to the presence of quaternary nitrogen.

The catalytic activity of all samples shows that the sample pre-treated in the oxygen containing
atmosphere exhibits highly efficient catalysis towards ORR in comparison with a non-doped
carbon material. However, the most active sample with high selectivity towards water production
is the obtained by applying the second heat treatment at 1200ºC in inert atmosphere, where only
quaternary nitrogen is observed by XPS.
Advanced computational calculations were performed in order to deepen into the knowledge about
the nature of the active sites towards ORR of N-doped carbon materials, trying to correlate the
calculations with the experimental results. Among all nitrogen functionalities, edge-type
quaternary nitrogen seems to be the most active species due to its low limiting energetic barriers
(Figure 1), closely followed by pyridonic species. Moreover, pyridinic, pyrrolic, oxidized species
do not result in an enhancement in the catalytic activity.

Figure 1. SCF energy diagram for ORR of all nitrogen functionalities at 0.00 V.

Conclusions
N-doped carbon materials have been prepared through a double stage carbonization of polyaniline,
first under an oxygen-containing atmosphere and, then, under inert atmosphere. PANI-derived
carbon materials were characterized by Raman spectroscopy, XPS, TPD and N2-adsorption
isotherms at -196 ºC. The detailed characterization demonstrates that the samples pre-treated only
with the oxygen-containing atmosphere have high amount of surface oxygen groups. Once the
second treatment is applied, the oxygen groups decrease and the pyridinic and pyridonic nitrogen
are transformed into quaternary-type nitrogen species. The sample containing only quaternarytype nitrogen species, exhibits almost platinum-like performance towards ORR with high
selectivity towards water generation. DFT calculations are in excellent agreement with the
experimental results, reinforcing the key role that edge-type quaternary nitrogen plays as the most
active and selective catalytic site for ORR.
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