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ABSTRACT: A straightforward, energy- and atom-saving process to
the production of tailored N-doped and catalytically active metal-free
carbon nanostructures, has been set up. Our ex situ approach to the
N-decoration of the carbon nanotube sidewalls contributes to
elucidate the complex structure—reactivity relationship of N-doped
carbon nanomaterials in oxygen reduction reactions, providing
fundamental insights on the nature of the N-active sites as well as

on the role of neighboring carbons.
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oxygen reduction reaction (ORR)

Intensive research efforts have been devoted in the past few
years to the development of efficient, durable, and
inexpensive alternatives to precious-metal-based electrocatalysts
(typically containing Pt and its alloys) for the oxygen reduction
reaction (ORR) in fuel cell (FC) cathodes.' Typically, the ORR
can proceed either through a four-electron process to combine
oxygen with electrons and protons into water as the final
product or through a less efficient two-step, two-electron
pathway involving the formation of the hydroperoxide ions as
intermediates.’ On  this basis, nitrogen-doped 1D and 2D
carbon nanomaterials (occasionally combined with non-noble
metal nanoparticles) have recently emerged as valuable
candidates capable of promoting this reaction efficiently.” It is
generally accepted that N-doped carbon nanostructures can
favor the surface O, chemisorption/activation im;)roving their
catalytic performance in the ORRs remarkably.”

Although a relatively high number of N-doped carbon
nanostructures showing catalytic activity in ORRs have been
prepared by the in situ CVD approach,2 much less work has
been done for the obtainment of catalytically active N-
decorated carbon nanomaterials using milder and easily tunable
ex situ (exohedral) organic functionalization techniques. The
latter imply a number of important issues whose achievement
may represent a real breakthrough in the development of novel
nanostructured, metal-free catalysts. Indeed, in addition to
leading to a fine-tuning of the chemical identity of the N-
dopants, an ex situ approach better matches the requirements
for energy- and atom-saving processes than the classical CVD
approach. In addition, N-dopants are entirely present at the
nanotube surface, where the catalytic process takes place.
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Finally, an ex situ approach can contribute to answering the
widely debated question related to the intrinsic ability of
different N-containing groups, randomly embedded in the sp*
CNT network, at promoting ORRs.*

Although the real nature of the active sites in N-doped
carbon nanomaterials still remains unclear, it is generally
accepted that pyridine and pyrrole nitrogen atoms contribute
differently to the ORR, the former playing a key role in
promoting the process.4 In this regard, a puzzling question
arises: What is the effect of the neighboring atomic environ-
ment on the ability of pyridine nitrogen atoms to promote
ORR? To answer this question, we took advantage of the well
consolidated aryldiazonium salt (Tour) functionalization
protocol® as a convenient synthetic methodology for the ex
situ N-doping of MWCNTSs with pyridine- and pyrrole-
containing dangling groups (Scheme 1).

As shown in Scheme 1, 4-aminopyridine (1), 9-amino-
acridine (3), and 3-aminocarbazole (5) are selected as N-
containing candidates, 3 and $ being selected as mimics of
pyridine and pyrrole frameworks, respectively, embedded in a
conjugated Csp® network. All reactions proceed smoothly
under mild conditions, providing the expected functionalized
samples 2, 4, and 6. Careful workup procedures and parallel
blank tests (carried out in the absence of the isopentylnitrite
reagent) have been used to rule out any possible reagent
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Scheme 1. CNTs Ex Situ Functionalization via Aryl Diazonium Salt (Tour) Conditions”

NH,

isopentylnitrite
oDCB:CH3CN = 2:1

isopentylnitrite
oDCB:CH3CN = 2:1
80°C, 14h

isopentylnitrite
oDCB:CH3CN = 2:1
80°C, 14h

“(**) The N, content (pr%) is calculated for samples 2 and 4 via acid—base titration and reported as the average value over three independent

runs (see the Supporting Information).

contamination resulting from simply physisorbed molecules
(see the Supporting Information).

The as-synthesized N-doped materials have been spectro-
scopically (XPS, Raman) and morphologically (TEM)
characterized. CHN elemental analysis on 2, 4, and 6 is used
to calculate the functionalization loading (2.0 N at. % for 2, 1.7
N at. % for 4, and 2.8 N at. % for 6), and an acid—base titration
for the more basic samples 2 and 4 provides a well matching
response on the pyridine group content (see the Supporting
Information).® Finally, thermogravimetric analyses (TGA) give
additional evidence of the occurred functionalization process
(Supporting Information Figure S1). More gradual decom-
position profiles observed for all N-doped samples are
indicative of a substantial sidewall perturbation as consequence
of the functionalization procedure. XPS spectra of the N-
containing samples present characteristic N 1s profiles. Peaks at
398.6 eV for 2 and 4, and 4002 eV for 6 (Supporting
Information Figure S2) are attributed to pyridinic nitrogen’
and pyrrole-type-containing groups, respectively. Minor
components at higher binding energy values arise from the N
1s spectra of both pyridine containing samples and are ascribed
%87 Raman
spectra of all the N-decorated materials (Supporting

to commonly observed surface contaminations.

Information Figure S3) do not show any significant change
in the Ip/I; values as compared with the pristine sample, thus
revealing only negligible crystallite and defect site surface
density alterations. Similarly, TEM images of the N-decorated
samples do not reveal any significant morphological difference
in terms of tube length and diameter compared to the pristine
one; slightly deaggregated tube bundles appear for the
functionalized samples throughout the whole scanned area
(Supporting Information Figure S4).
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The as-prepared N-decorated CNT samples have been
scrutinized with respect to their catalytic performance in
ORRs.” To evaluate their electrocatalytic activity, N-CNTs/
Nafion films deposited on a rotating glassy carbon (GC)
electrode have been preliminarily investigated by cyclic
voltammetry (CV) using a three-electrode cell operating in
O,-saturated 0.1 M KOH solution. Under O,-saturated
conditions, the N-decorated samples show an irreversible
ORR peak not present under N,-saturated electrolyte
conditions (Figure 1).

To gain further insights on the ORR electrochemical
performance of the ex situ N-doped samples, rotating ring
disk electrode (RRDE) voltammograms have been systemati-

— Acr@MW (4), sol. N, sat.

12 — Acr@MW (4), sol. O, sat.
, _11‘0

-08 -06 -04 -02 00 0,2

E I Vvs. Ag/IAgCI/KCI sat.

Figure 1. Cyclic voltammograms for sample Acc@MW (4) in N,-
saturated (blue) and O,-saturated solutions (red). The potential was
linearly swept from —1.1 to 0.2 V at a scan rate of S mV s Ag/AgCl/
KClI sat. was employed as the reference electrode.
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cally acquired (Supporting Information Figure SS). The
amount of the N-decorated material deposited on the RRDE
is maintained constant and fixed to the optimal value measured
on sample 4 (see the Supporting Information, electrochemical
data processing).

Figure 2 illustrates the ORR polarization curves of the three
N-doped samples (2, 4, 6), compared with pristine MWCNTs,
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Figure 2. (A) Current—potential curves at 293 K for ORR in O,
saturated 0.1 M KOH solution for the disk electrode [0.196 cm?® GC
rotating-disk electrode] and (A’) for the ring electrode [0.11 cm® Pt
rotating-ring electrode]. All samples are measured at an angular
rotation rate (f) of 800 rpm. (B) H,0, production (%) for all N-
doped and undoped samples (see also the Supporting Information).

GC, and Pt-based electrocatalysts, along with the respective
H,0, production.® For all ORR profiles reported in Figure 2,
background currents, measured under saturated N, conditions,
are subtracted from the respective curves to eliminate all
capacitive contributions.

Linear-sweep voltammograms (LSVs) for each sample at
different spin rates are shown in Supporting Information Figure
SS. Potentials are linearly swept from —1.1 to 0.2 V and finally
reversed against an Ag/AgCl/KCl sat. as reference electrode at
a scan rate of S mV s™". As Figure 2 shows, the onset potentials
(Eqn) of all C-based catalysts are negatively shifted from the E,,
value measured for the Pt electrocatalyst. It is noteworthy that
although ORR starts at —0.181 V (E,,) on 2, corresponding to
an overpotential of ~80 mV compared with Pt, less than 40 mV
(overpotential) is measured for 4. Compared with pristine
CNTs and samples 2 and 6, the ORR onset potential measured
for 4 is shifted to a more positive value featuring a remarkably
higher electrocatalytic activity (Figure 2 and the Supporting
Information Figure SS). The average number of electrons
(ng__y) transferred for O, molecule in the ORR process is
calculated according to the Koutecky—Levich (K—L) equation,
and relative values are outlined in Table 1.”"°

The K—L plots (J™' vs f/2) of each catalyst, obtained from
LSVs according to ] values measured at —1 V, show good
linearity at various rotation speeds (Figure 3), implying a first-
order reaction toward dissolved O,.
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Table 1. E,, Values (V), Average Number of Electrons
Transferred (ng_, y) for O, Molecule and Average Yield of
Peroxide Formation in 0.1 KOH?

H,0, (%)"

catalyst E,, (V) ity
GC —0.307 2.0 64
MWCNTSs —-0.299 2.5 48
Py@MW (2) ~0.181 29 24
Acc@MW (4) ~0.139 32 10
Carb@MW (6) —0.250 2.5 2
Pt —0.101 4.1

“Data derived from Figures 2 and 3. bAverage values calculated in the
—0.4 + —1 E/V range.
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Figure 3. K—L plots for 2, 4, 6, GC, MWCNTs, and Pt catalysts as
obtained from the respective LSVs.” Parameters used: O, concen-
tration (C), 1.15 X 107> mol L™%; O, diftusion coefficient (D), 1.95 X
107 cm?® s7'; kinematic viscosity (v) of the electrolyte solution,
0.008977 cm” s™! (see the Supporting Information).

The calculated n value for the ORR catalyzed by 4, as
measured at high overpotential (E = —1 V), suggests a largely
prevailing four-electron process. This is further confirmed by
the moderate ring current recorded for this catalyst at the Pt
rotating ring-disk electrode along with the modest percentage
of H21?2 produced (Figure 2 and the Supporting Informa-
tion).

As can be inferred from these data, pyridinic nitrogen sites
are responsible in part for the final catalyst performance,
whereas neighboring carbon atoms seem to play an essential
role in the catalyst’s ability to perform ORR efficiently.* Indeed,
pyridine units embedded in a conjugated (although spatially
limited) sp® carbon network dramatically improve the catalyst
performance both in terms of E , and diffusion-limited current
density values (J) (Table 1, catalyst 4 vs 2 and Figure 2). Such a
result helps to shed light on the complex structure—reactivity
relationship of N-doped carbon nanomaterials with respect to
their catalytic performance in ORRs. Furthermore, electron-
accepting nitrogens are known to impart a relatively high
positive charge density on the adjacent carbon atoms; the
resulting N—C,, bond polarization is expected to weaken the
O—O0 bond, thus facilitating the ultimate O, reduction path.
DFT calculations of Mulliken atomic charges at the B3LYP//6-
31G** level of theory show an increment of the N—C, bond
polarization while moving from simple pyridine to acridine
frameworks ([lgnl + lgcol]py = 0.50¢; [lgnl + lgcl]ae = 0.65¢;
Supporting Information Table $3).** All these data taken
together strongly support the hypothesis of a truly operative
side-on O, adsorption mode (Yeager model) with respect to a
classical end-on one (Pauling model) (Figure 4). 24
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Figure 4. Yeager model (side-on) vs Pauling model (end-on).

In line with literature precedents for variably N-doped in situ
prepared carbon nanomaterials containing relatively high N-
pyrrolic fractions,'! our carbazole-based system 6 shows only
moderate electrocatalytic performance, together with a
relatively high H,0, production (Figures 2 and 3). In addition,
the catalytic activity gap measured between 4 and 6 is even
more remarkable while considering the higher surface N-
loading on 6 as it results from the experimental data (>50%
based on N-elemental analysis; see the Supporting Informa-
tion).

In summary, a straightforward single step and reproducible
approach to the production of tailored N-doped and catalyti-
cally active carbon nanostructures, has been set up. Compared
with the classical in situ approach, our ex situ method, in
addition to providing fundamental insights on the complex
structure—reactivity relationship of N-doped carbon nanoma-
terials in ORRSs, lists a number of remarkable advantages: (1)
mild reaction conditions required to N-decorate the CNTs
surface (energy-saving process); (2) easy tailoring of the N-
containing functional groups and (3) their full exposure (atom-
saving) to the nanomaterial outer side, where the catalytic
process takes place; and (4) absolutely remarkable electro-
catalytic activity and long-term stability of selected N-doped
metal-free samples for ORRs in basic medium. As for the latter
point, ink of catalyst 4 presents a complete reproducibility of its
electrochemical performance in successive CV cycles while
maintaining its electrochemical properties almost unchanged
when simply stored at room temperature for months. Owing to
the established versatility of the Tour functionalization protocol
with both 1D and 2D nanomaterials,'* the methodology
developed in this study can be conveniently applied to the ex
situ heterodecoration of different nanocarbon materials with
light elements for the production of metal-free catalysts.

B ASSOCIATED CONTENT
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Synthesis, characterization, and catalytic details on electro-
chemical tests for 2, 4 and 6. This material is available free of
charge via the Internet at http://pubs.acs.org.
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