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Nitrogen-doped carbon microspheres with tunable porosity are investigated as electrocatalysts for the
oxygen reduction reaction (ORR). The materials were synthesized by “nanocasting” involving the use of
pyrrole as the carbon source and N-dopant, and porous silica microspheres as template. The engineered
nitrogen-doped carbon particles combine several indispensable characteristics for a highly active metal-
free carbon electrocatalyst: (i) a high content of nitrogen functionalities (~8 wt%) mainly distributed in
quaternary and pyridinic groups, which are highly active catalytic centers for the ORR reaction, and (ii)
a high specific surface area (1200-1300 m? g~%). Furthermore, the porosity of the N-doped
microspheres can be modulated from a micro- to a mesoporous structure, i.e. from a micropore size
distribution centered at ~1 nm to a widely accessible mesoporosity with two mesopores systems (~3 nm
and ~14 nm). The electrocatalytic activity of the N-doped carbon microspheres in the oxygen reduction
reaction (ORR) was studied in both basic and acid media. Both types of materials catalyze the ORR via
the efficient 4-electron process. However, the mesoporous carbon exhibits a more positive onset
potential and a higher kinetic current density than the microporous microspheres and noteworthy the
values are comparable to those of commercial Pt/C under basic conditions. Moreover, the mesoporous
microspheres also show a better electrocatalytic activity than the microporous ones in acid medium, and
a similar onset potential to that of Pt/C with a peroxide yield lower than 10%. A detailed comparison

between the N-doped micro- and mesoporous microspheres reveals that the mesoporous material
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Accepted 16th January 2016 outperforms the microporous one not only in catalytic activity but also in durability in both electrolytes,

which proves that the bimodal mesoporous structure acts as interconnected highways providing quick
and full transport towards/from the catalytic sites for both reactant and products. This leads in turn to an
effective metal-free carbon catalyst that can match the commercial Pt/C catalyst.
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enhancement without compromising the excellent catalytic
activity.”® In this respect, N-doped porous carbon materials

Introduction

Fuel cells have gained increasing attention as a clean and
attractive alternative energy source owing to their high effi-
ciency, high power density, and negligible pollutant emis-
sions.”® Platinum-based electrocatalysts are the most
widespread catalysts for electrode reactions as a result of their
high activity. However, their high cost along with the sluggish
kinetics in the cathodic oxygen reduction reaction (ORR) and
low tolerance to fuel crossover restricts their performance and
hinders the widespread commercialization of fuel cells.*®
Recently, the development of metal-free catalysts has drawn
considerable interest for cost reduction and stability

“Instituto Nacional del Carbon (CSIC), P.O. Box 73, Oviedo 33080, Spain. E-mail:
martasev@incar.csic.es

School of Engineering and Materials Science, Queen Mary University of London Mile
End Road, E1 4NS, London, UK. E-mail: m.m.titirici@qmul.ac.uk

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c5ta10063a

This journal is © The Royal Society of Chemistry 2016

represent a promising alternative taking into account the easy
modification of their structural and chemical properties.®™* It
has been shown that the presence of nitrogen functionalities
can notably enhance the ORR activity of the carbon mate-
rials'®" and improve the electrocatalytic durability of the elec-
trocatalyst as a result of the strong electron donor behavior of
nitrogen.'®*® In addition, the incorporation of N-groups can
create catalytic charge active sites by breaking the electro-
neutrality of the carbon material.® Nevertheless, the achieve-
ments reported so far for metal-free N-doped carbon catalysts
are still insufficient for their commercialization, especially
when the electrolyte used is acid, such as in proton exchange
membrane fuel cells (PEMFCs)."*™*

The optimization of the electrocatalytic activity of carbon
catalysts requires an appropriate design not only of the chemical
properties but also of the structural properties (i.e. morphology,
particle size and pore structure), which allows an improvement
of the mass-transport kinetics of reactant and product towards
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ORR catalytic sites.*»****** Thus, a high density of catalytically
active sites reduces kinetic limitations. However, the active sites
need to be fully accessible to the reactants to guarantee their
utilization.'® In this regard, contradictory results can be found in
the literature on the role of pore size. Thus, some authors have
shown that a porosity made up of large mesopores, instead of
micropores, can facilitate a more efficient contact with reactants
and reduce mass-transport limitations,">**>* whereas other
authors have reported a high electrocatalytic activity by using
microporous carbons with a large specific surface area.”*?’
Therefore, a fundamental understanding of the influence of pore
size is required in order to provide a rational design of high-
performing metal-free carbon catalysts.

In this paper, we examine the role of the pore size upon the
ORR catalytic activity of N-doped carbon. Thus, we report on
metal-free ORR carbon catalysts based on two types of N-doped
carbon microspheres (diameter ~ 1 um), which have different
pore structures: (i) a microporous network made up of pores of
~1 nm and (ii) a porosity formed by mesopores centered at ~3
nm and ~14 nm. Since both types of microspheres possess
analogous chemical composition, morphology, -electronic
conductivity, surface area and particle size, differing only in
their pore size distribution, the experiments allowed assessing
precisely the influence of pore size on the electrocatalytic
behavior. The electrocatalytic activity of the two types of N-
doped microspheres was analyzed in both basic and acid media,
since testing in acid medium is essential from a practical
standpoint.”® The experiments were carried out by using
a rotating disk electrode (RDE) and complemented with
a rotating ring-disk electrode (RRDE) which allowed assessing
the reaction mechanism and quantifying the amount of H,0,
produced.

Experimental section
Preparation of the porous N-doped carbon microspheres

The N-doped carbon particles were produced by nanocasting
using porous silica microspheres as templates and pyrrole
(Aldrich, 99%) as N-containing carbon precursor. The porous
silica particles used as template were synthesized as reported
in detail elsewhere.” In order to modulate the pore size of the
carbon microspheres, two types of silica samples were used as
template. On one hand, mesoporous silica microspheres of
around 1 pm and a narrow pore size distribution centered
at ~2.5 nm were synthesized as reported previously at 25 °C.*°
On the other hand, silica microspheres with a porosity made
up of mesopores of around 3.6 nm were obtained by means of
an additional hydrothermal treatment at 80 °C. A detailed
description of the synthesis procedure and structural charac-
teristics of both types of silica particles used as template
are given in the ESI{ along with the textural properties and
microscopy pictures (see Fig. S17).

The synthesis of the N-doped carbon microspheres involved
the following steps. Firstly, the silica pores were infiltrated with
a solution of FeCl; in ethanol (2 M) in order to attain around
0.30 g FeCl; per 1 g silica. Then, the FeCl;-impregnated silica
sample was exposed, in a closed vessel, to pyrrole vapors at 25 °C
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for 22 h. In this way, the adsorbed pyrrole is rapidly polymerized
and polypyrrole is formed within the silica pores. The poly-
pyrrole-silica composite thus obtained was heat-treated under
N, up to the carbonization temperature (i.e. 850 °C) at a rate of
3 °C min ' for 1 h. Finally, the carbonized sample was treated
with hydrofluoric acid (48%) to dissolve the silica framework
and the generated iron nanoparticles. The resulting carbon
residue was collected by filtration, washed with distilled water,
and dried at 120 °C for several hours. Depending on the type of
silica used as template, two types of carbon microspheres
were obtained: (a) microporous N-doped carbon microspheres
denoted as N-CS (template: silica synthesized at 25 °C) and (b)
mesoporous N-doped carbon microspheres denoted as N-CSH
(template: silica particles synthesized at 80 °C).

Materials characterization

The morphology of the powders was examined by scanning
(SEM, Zeiss DSM 942) and transmission (TEM, JEOL-2000 FXII)
electron microscopy. The size of the particles was determined
by measuring around 100 particles in the SEM images in order
to obtain statistically significant results. Nitrogen sorption
isotherms were recorded at —196 °C using a Micromeritics ASAP
2020 volumetric physisorption system. The Brunauer-Emmett-
Teller (BET) surface area was deduced from an analysis of the
isotherm in the relative pressure range of 0.04-0.20. The total
pore volume was calculated from the amount of nitrogen
adsorbed at a relative pressure of 0.99. The micropore volume
(Vini), the micropore surface area (S,,;) and the pore size distri-
butions corresponding to the N-CS sample were determined by
applying the QSDFT (Quenched-Solid Density Functional
Theory) method to the nitrogen adsorption data, assuming a slit
pore model. In the case of N-CSH sample, the mesopore size
distribution was calculated by means of the Kruk-Jaroniec-
Sayari (KJS) method,** and the micropore (V,,;) and mesopore
volumes (V,,) were estimated using the osplot method.
The reference adsorption data used for the g analysis of the
carbon sample correspond to a non-graphitized carbon black
sample.*” Bulk elemental analysis (C, H, N and O) of the
samples was carried out on a LECO CHN-932 microanalyzer.
X-ray photoelectron spectroscopy (XPS) was performed on
a Specs spectrometer, using Mg Ko (1253.6 eV) radiation deliv-
ered by a double anode at 150 W. Binding energies for the high
resolution spectra were calibrated by setting C 1s to 284.6 eV.
X-ray diffraction (XRD) patterns were obtained on a Siemens
D5000 instrument operating at 40 kV and 20 mA and using
Cu Ko radiation (A = 0.15406 nm). The electrical conductivity
of the carbon powders was determined on a home-made
apparatus (four-probe method) by pressing the powders
between two plungers into a hollow nylon cylinder (inner
diameter of 8 mm), and applying a pressure of 7.1 MPa. The
vertical displacement of the plunger was measured by means
of a manual cathetometer.

Electrochemical measurements

Electrochemical measurements were conducted using an
AUTOLAB PGSTAT 101 and a Multi AUTOLAB M101 (CH

This journal is © The Royal Society of Chemistry 2016
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Instruments). The metal-free carbon catalysts inks were
prepared by ultrasonically dispersing 1.5 mg of catalyst in
a solution containing 100 pL Nafion (5 wt%) solution and 900 L
deionized water. The Pt/C catalyst (20 wt% Pt on graphitized
carbon, Sigma-Aldrich) ink was prepared in the same way, using
the same amount of catalyst (i.e. 1.5 mg). The above prepared
catalyst inks were deposited onto a polished glassy carbon
electrode (using an «-Al,O; slurry, 50 nm) and dried under
room temperature. The catalyst loadings on RRDE and RDE
were 0.1 mg cm™ 2 (20 pgp cm > for the Pt/C catalyst).?>>*

A conventional three-electrode cell was employed, incorpo-
rating Ag/AgCl (3 M KCl) as the reference electrode, a Pt wire as
the counter electrode and the catalyst film coated RRDE or
RDE as the working electrode. The electrolyte was 0.5 M H,SO,
solution or 0.1 M KOH solution. All the experiments were
carried out at 20 °C. Before testing, an O,/N, flow was bubbled
through the electrolyte in the cell for 30 min to saturate it with
0,/N,. The measured potentials vs. Ag/AgCl (3 M KCl) were
converted to the reversible hydrogen electrode (RHE) scale
according to the Nernst equation:

Erug = Eagiagar + 0.059pH + ERg/apc (1)

where Eyg/agci is the experimentally measured potential vs. Ag/
AgCl reference and ERgagci = 0.21 V at 20 °C. The values of
potential provided along the text are referenced against RHE
unless otherwise stated.

Cyclic voltammetry (CV) was performed from 0 to 1.2 V vs.
RHE in 0.1 M KOH and 0.5 M H,SO,, with a sweep rate of
100 mV s .

RDE linear sweep voltammetry (LSV) measurements were
conducted from 1.2 to 0 V vs. RHE in 0.1 M KOH and 0.5 M
H,SO, at a scan rate of 10 mV s~ under disk rotation rates of
400, 800, 1200, 1600, 2000 and 2400 rpm. The working electrode
was a 3.0 mm diameter GC rotating disk electrode.

The apparent number of electrons transferred in the ORR
reaction on the carbon catalysts was determined by the Kou-
tecky-Levich equation given by:

1 1 1 1 1
A R T @)

B = 0.62nFCy(Dy)*> V1® 3)

where J is the measured current density, Jx is the kinetic current
density, J;, is the diffusion-limited current density, w is the
electrode rotation rate, F is the Faraday constant (96 485 C
mol ), C, is the bulk concentration of O, (1.2 x 10> mol L™ "
for both 0.5 M H,SO, solution and 0.1 M KOH solution), D, is
the diffusion coefficient of O, (1.4 x 107> em® s™* for 0.5 M
H,S0, solution and 1.9 x 10> em” s~ for 0.1 M KOH solution)
and V is the kinetic viscosity of the electrolyte (0.01 cm* s~ for
both 0.5 M H,SO, solution and 0.1 M KOH solution).***

For the RRDE test, the disc potential was scanned at
10 mV s~ ', while the ring potential was held at 1.5 V vs. RHE
in order to oxidize any H,0, produced.*®* The working elec-
trode was a 5 mm GC disk electrode and a Pt ring electrode
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(375 um gap). The H,O, collection coefficient at the ring
(N = 0.249) was provided by the manufacturer. The following
equations were used to calculate n (the apparent number of
electrons transferred during ORR) and % H,0, (the percentage
of H,0, released during ORR):*

41p

" o+ (Ix/N)

(4)

20 /N

0 —
% HyO, = 1001D (I

(5)
where I, is the faradaic current at the disk, Iy is the faradaic
current at the ring, N is the H,0, collection coefficient at
the ring.

The stability of the catalyst was assessed by means of an US
Department of Energy's accelerated durability test protocol by
cycling the catalysts between 0.6 and 1.0 V (vs. RHE) at 50 mV s~
under N, atmosphere in 0.1 M KOH and 0.5 M H,SO,.*»*

Results and discussion

Structural and chemical properties of the N-doped carbon
microspheres

The morphology and structure of the N-doped carbon micro-
spheres were first investigated by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
SEM and TEM images displayed respectively in Fig. 1a and
b reveal that the N-CS carbon particles consist of uniform
microspheres with a smooth surface and a diameter of 1.2 +
0.1 pm. The nitrogen-doped carbon microspheres (see Fig. 1c
and d) obtained from hydrothermally-treated silica particles
(N-CSH) consist, as well, of uniform microspheres with

Fig.1 (a) SEM and (b) TEM images of the N-CS carbon microspheres,
and (c) SEM (inset: high magnification) and (d) TEM images of the N-
CSH carbon microspheres.
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a diameter slightly superior (1.7 + 0.1 um). Interestingly, the
TEM image from N-CSH sample reveals the existence of larger
pores which are radially aligned (Fig. 1d). The N, sorption
isotherms and the pore size distributions (PSDs) of the
nitrogen-doped carbon microspheres are displayed in Fig. 2.
They clearly illustrate the differences existing on the type of
porosity. Thus, the N-CS microspheres exhibit a type I isotherm
profile (see Fig. 2a), which is characteristic of microporous
materials. This is confirmed by the corresponding PSD in
Fig. 2b which shows that the porosity of the N-CS sample is
essentially made up of micropores (~70% of the pore volume,
see Table 1) centered at around 1 nm. By contrast, the isotherm
profile of the N-CSH carbon microspheres exhibits two capillary
condensation steps which suggest that the porosity is made
up of two pore systems. Indeed, the PSD of this sample reveals
that its porosity is distributed into two mesopore systems with
sizes centered at ~3.2 nm and ~13.7 nm. The presence of the
second pore size system is in accordance with the textural
characteristics deduced by TEM inspection (see Fig. 1d). In
addition, the percentage of pore volume that corresponds
to micropores is lower than 5%, which confirms that the
porosity of the N-CSH sample us made up exclusively by mes-
opores. The textural properties summarized in Table 1 reveal
that the carbon microspheres possess high BET surface areas
of 1280 m* g ' and 1160 m? g * for N-CS and N-CSH respec-
tively, and large pore volumes of 0.75 cm® g~ (N-CS) and
1.43 ecm® g~ ' (N-CSH).

Fig. 2c shows the XRD patterns for the nitrogen-doped
carbon microspheres. In both samples, a sharp peak appears at
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Fig. 2 (a) Nitrogen sorption isotherms (b) pore size distributions

calculated by Kruk—Jaroniec—Sayari (N-CSH) and QSDFT methods (N-
CS), (c) XRD patterns of N-CS and N-CSH, and (d) XPS N 1s core level
spectrum corresponding to the N-CS sample.
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around 26 = 26°, which is assigned to the (002) diffraction of
graphitic carbon (Fig. 2c). This peak is superimposed on a broad
band corresponding to amorphous carbon and it reveals the
presence of a small amount of graphitized carbon embedded
inside an amorphous matrix. This type of carbon is formed due
to the conversion of a small amount of amorphous carbon into
more ordered carbon by the catalytic action of iron particles
embedded inside the carbon matrix.***® The percentage of
graphitic carbon is similar for both types of carbon micro-
spheres and is around 5-7.3 wt%, as determined by means of
thermogravimetric analysis (see Fig. S27).

The bulk nitrogen content of the carbon microspheres was
determined by elemental analysis and the results are listed in
Table 1. It can be observed that the carbon samples have high
and analogous amounts of nitrogen, i.e. 8.0-8.8 wt%. As the
catalytic activity towards the ORR reaction is not only determined
by the amount of N, but also by the type of N-structures,*** X-ray
photoelectron spectroscopy (XPS) was used to investigate the
nature of the nitrogen functional groups existing in the carbon
microspheres. The XPS N 1s core level spectra of both nitrogen-
doped microspheres are displayed in Fig. 2d. The samples can be
deconvoluted into three peaks that are assigned to pyridinic
nitrogen, quaternary nitrogen and pyridine-N-oxide.*>*® The
main contributions correspond to quaternary and pyridinic
nitrogen groups, being respectively 57.7-59.4% and 36.1-35.6%,
while pyridine-N-oxide represents only 6.2-4.9% of the total
amount of nitrogen for N-CS and N-CSH. This result is important
because the quaternary and pyridinic groups have been sug-
gested as the main ORR active sites."** As can be seen,
both types of carbon microspheres display a similar distribution
of the nitrogen functionalities. In addition, the XPS general
spectra of both microspheres show that there is no presence of
residual iron species (see Fig. S37). This result is also confirmed
by the thermogravimetric analyses in Fig. S2, which show no
residue in the carbon samples. The absence of residual iron was
further corroborated by elemental energy-dispersive X-ray (EDX)
(see Fig. S47). It is to be expected as the samples were washed
with hydrofluoric acid. This is a relevant result since it has been
shown that a small amount of iron, even traces, might enhance
the electrocatalytic activity of N-doped carbon materials.>*

Electrocatalytic activity of the N-doped carbon microspheres
in the ORR reaction

Cyclic voltammetry (CV) at a scan rate of 100 mV s~ " and RDE
linear sweep voltammetry (LSV) at a scan rate of 10 mV s~ were
conducted in 0.1 M KOH and 0.5 M H,SO, electrolytes for the N-
doped porous carbon microspheres. The experiments carried
out under nitrogen protection show good charge propagation
throughout the porous carbon framework, as evidenced by the
quasi-rectangular corners of the cyclic voltammograms (see
Fig. 3). This is the result of the good electronic conductivity (see
Table 1) and accessible porous structure of the materials. On
the other hand, the experiments performed under oxygen
atmosphere in KOH show that the N-doped microspheres have
a significant electrocatalytic activity towards ORR, as inferred by
the obvious cathodic peak (Fig. 3a and b). This well-defined

This journal is © The Royal Society of Chemistry 2016
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Table 1 Physico-chemical properties of the N-doped porous carbon microspheres

Sample SgET /A Vil Vimeso. Sini” C N o Conductivity
code m'g™  fem'g?)  (em'gl)  (em'g)  (migh) %) W) ww)  (Sm)
N-CS 1280 0.75 0.52 (70) 0.24 1060 76.4 8.8 13.5 2

N-CSH 1160 1.43 0.06 (4.2) 1.37 — 78.7 8.0 12.4 10

“ Pore volume was determined at p/p, = 0.99.” The micropore volume and the micropore surface area of N-CS were obtained by the QSDFT method,
while the micropore volume of N-CSH was determined through the as-plot method applied to the N, adsorption branch; the percentage of pore
volume that corresponds to the micropores is given in parentheses. © The mesopore volume was obtained from the difference between the pore

volume (V) and micropore volume (Viy).

peak appears at 0.837 V for N-CSH (see Fig. 3a), while for N-CS
the value is slightly shifted to lower values (0.797 V, see Fig. 3b),
which suggests the effectiveness of the mesoporous micro-
spheres over the micropores ones. This result also shows
a more efficient electrochemical reduction reaction of oxygen in
comparison with that of previously reported N-doped carbon
microspheres (from ~0.82 V to ~0.77 V).>***>** However, in 0.5
M H,SO,, a pronounced cathodic peak is no visible, demon-
strating the superior ORR catalytic activity of the materials in
an alkaline medium, as already observed in the literature
(see Fig. 3c and d)."*** The slower kinetics of the ORR reaction in
acidic medium compared to alkaline medium is corroborated
by the linear sweep voltammograms (LSV) in the O,-saturated
electrolytes in Fig. S5.1 Thus, an obvious plateau can be dis-
cerned in the polarization curves in the diffusion-limited region
in KOH electrolyte, while it is absent in H,SO, electrolyte, which
is indicative of kinetic control in acidic medium even at
high overpotentials.”

The ORR activity of N-CSH, N-CS and commercial Pt/C
(20 wt%) catalyst was compared by evaluating the LSV in
O,-saturated electrolytes (see Fig. 4a and b). It should be

1.0
0.5 05
g 007 " 0.0
< -0.51 gz < 054 —0,
e , = N
5 -1.04 g) -1.04 2
3 3 .15]
1.5 0.1 M KOH o 0.1 M KOH
T T T T . -2.01— T T T )
00 03 06 09 12 00 03 06 09 12
Potential (V vs RHE) Potential (V vs RHE)
c) d)
N-CSH N-CS
1.0
1.0
~ 054 ~ 054
§ 0.04 § 00l
< <
-0.5
£ £ 5] —0,
< -1.0 N b N
[ 2 o 1.0 2
£ -1.5 £ -1.04
© 20] 0.5 M H,S0, © 5] 0.5M H,S0,
25

00 03 06 09 12
Potential (V vs RHE)

00 03 06 09 12
Potential (V vs RHE)
Fig. 3 Cyclic voltammograms of the N-doped carbon microspheres

in N,- and O,-saturated electrolytes at a scan rate of 50 mV s~ (a and
b) 0.1 M KOH, and (c and d) 0.5 M H,SOy,.
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noted that, to provide a realistic picture, the same amount of N-
doped carbon catalyst and Pt/C catalyst was used (0.1 mg cm ™ 2).
In basic media, the N-doped mesoporous carbon microspheres
exhibit the same onset potential and more positive half-wave
potential (EV/?) than commercial Pt/C, which points out their
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Fig. 4 RDE polarization curves at 1600 rpm for the N-CSH and N-CS
samples compared to 20 wt% Pt/C in (a) 0.1 M KOH and (b) 0.5 M
H,SOy4, (c) electrochemical activity given as the kinetic-limiting current
density (Jx) at 0.67 Vin 0.1 M KOH and (d) at 0.48 Vin 0.5 M H,SO4, and
peroxide yields of the carbon microspheres in (e) 0.1 M KOH and (f) 0.5
M H,SOy4 (inset: variation of the number of electrons with potential).
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high activity towards ORR. Specifically, the N-CSH catalyst shows
an ORR onset potential at 0.927 V compared with 0.907 V for the
microporous microspheres (N-CS) and 0.927 V in the case of
commercial Pt/C catalyst (comparable to that found by other
authors>%*%!) (see Fig. 4a). Noteworthy, the value of E? is only
~50-60 mV more negative than the best-performing metal-free
carbon catalysts reported so far.®»®®* In addition, the N-CSH
microspheres exhibit a higher diffusion-limited current density
than that of N-CS (i.e., 3.4 vs. 3.2 mA cm™ 2), although both are
lower than that of commercial Pt/C (4.2 mA cm ™2, in agreement
with other Pt/C reported values for the same mass loading of
catalyst®*®’). These results show improved accessibility of the
active sites in the case of the mesoporous microspheres
compared to the microporous ones despite their slightly larger
diameter (i.e. larger diffusion path). Compared to N-doped
mesoporous nanospheres reported very recently with similar
nitrogen content but different distribution of the nitrogen
functionalities (lower proportion of N-quaternary),* the onset
potential of the microspheres here developed is more positive
(0.857 V for the mesoporous nanospheres, despite their higher
mass loading), which suggests that N-quaternary species have
a higher catalytic activity towards ORR than N-pyridinic species,
in accordance with their results and those of other authors.”**
The sharp increase and rapid saturation of the current regis-
tered on both microspheres samples suggests that the diffu-
sion-controlled process can be related to an efficient 4 electron
pathway. This is confirmed by the Koutecky-Levich analyses
displayed in Fig. S6a,T where the slopes are parallel to that of
an ideal four-electron process. The RDE experiments performed
in acid medium (Fig. 4b) confirm that the N-doped carbon
microspheres exhibit a lower activity than in KOH medium
(Fig. 4a). Nevertheless, the carbon catalysts still possess a rela-
tively good ORR activity. Thus, both types of carbon micro-
spheres exhibit the same onset potential as Pt/C (0.809 V). Note
that this value was obtained for a mass loading of 0.1 mg cm >
(20 pgpe em~?) and differences on the onset potential can be
observed depending on the catalyst loading used.®®” In the
case of the N-CSH sample, with a mesoporous structure, the
half-wave potential is located at around 0.529 V and the
maximum current density is 3.29 mA cm > at 0.069 V, both
values being superior to those of the microporous N-CS sample
(ie. 0.5 V and 2.84 mA cm ?), but inferior to those of Pt/C
(see Fig. 4b). The good performance of the N-CSH sample can
be attributed to its easily accessible porosity, which is formed
by two interconnected systems of mesopores (see Fig. 2b) that
facilitate the mass-transfer processes during the electro-
chemical reaction, minimizing thereby mass-transfer limita-
tions. The Koutecky-Levich analyses show that the slopes are
more similar to a 4 electron process (see Fig. S6bt), which
suggests a favorable direct reduction of O, to H,O.

The kinetic current densities (J/x) deduced from the Kou-
tecky-Levich equation are represented in Fig. 4c for the KOH
electrolyte. The jx has a value of 6.6 mA cm ™2 for N-CSH at
0.677 V, which is notably superior to the values deduced for
N-CS (4.8 mA cm ™ 2) and Pt/C (5 mA cm™?), and comparable - or
even higher - to the values reported in the literature for nitrogen-
doped carbon materials.®®”* Similar results are obtained in
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acidic media, where N-CSH exhibits a higher value of limiting
kinetic current density than N-CS. Thus, the N-CSH carbon
has a calculated electrochemical kinetic current density (Jx)
value of 3.9 mA cm ™2 at 0.48 V, almost twice the value obtained
at the same potential for N-CS (2.3 mA cm™?), which confirms
the better electrocatalytic behavior of N-CSH in comparison
to N-CS. Moreover, this calculated value is almost the same as
that obtained for commercial Pt/C (4 mA cm™>) (see Fig. 4d).
These results reveal the superior electrocatalytic activity of
the N-doped mesoporous carbon microspheres regardless of
the electrolyte used, even compared to commercial Pt/C.

To quantify the amount of H,0, generated during the ORR
process and confirm the ORR mechanism, a RRDE electrode
was used. Fig. 4e compares the peroxide yield for N-CS and
N-CSH in 0.1 M KOH. These results reveal that the N-CSH
sample has a better selectivity. Nevertheless, for both samples,
the H,0, yield is lower than 10% (~5% for N-CSH and ~7.5%
for N-CS). The superior performance offered by N-CSH over
N-CS is further confirmed in acid media. Thus, the H,O, yield
for N-CSH is lower than 10% over the whole potential range,
whereas that of N-CS is ~10% for high overpotentials and
increases over 15% for low overpotentials (see Fig. 4f). As shown
by the number of electrons transferred in the reaction (inset
of Fig. 4e and f), both carbon samples catalyze the efficient
four-electron pathway. Needless to say the good electrocatalytic
activity offered by Pt/C, with a number of electrons transferred
of ~4 in both media. Anyway, the N-CSH mesoporous carbon
exhibits not only the same number of electrons transferred as
Pt/C, but also a similar % of H,0, produced, which corroborates
the excellent electrocatalytic activity of N-CSH towards ORR
in both media. The high ORR activity of the catalysts developed
in this work may be attributed to the combine effect of a large
number of quaternary and pyridinic nitrogen groups,'®*>** and
the well-designed porosity which facilitates fast access to the
active sites, especially for larger pore size.”””* Furthermore, the
comparison between both types of carbon microspheres reveals
that the N-doped carbon microspheres with mesopores possess
a higher electrocatalytic activity towards ORR compared with
those with a micropore size distribution owing to enhanced
accessibility to the active sites.

The N-doped carbon microspheres were also exposed to fuel
molecules (methanol) for testing possible poisoning effects,
problem encountered by direct methanol fuel cells (DMFC)
working with platinum catalyst.” To compare the stability of the
different electrocatalysts, the chronoamperometric response
was measured by injecting pure methanol into the O,-saturated
0.1 M KOH electrolyte (see Fig. 5a) and the RDE polarization
curve was measured in the presence of 1 M methanol in acidic
media (see Fig. 5b). As can be seen in Fig. 5a corresponding
to KOH electrolyte, no current decay is observed for N-CSH,
while a small current decay of 15% is recorded for N-CS.
However, the Pt/C catalyst suffers a 40% current decay. In acidic
medium, as evidenced by Fig. 5b, there is a small shift of the
polarization curve towards higher overpotentials (downshift of
10 mV and 20 mV for N-CSH and N-CS, respectively) when the
ORR is carried out in the presence of methanol. These results
suggest that the presence of methanol hardly affects the ORR

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) Chronoamperometric responses over 1000 s at a constant
rotation speed of 1600 rpm in O,-saturated KOH solution for the
N-doped carbon microspheres and Pt/C catalyst (the arrow symbol-
izes the addition of methanol), (b) polarization curves of the N-doped
carbon microspheres in O,-saturated 0.5 M H,SO,4 with and without
1 M methanol, and LSVs for the N-doped carbon microspheres
and Pt/C catalyst at 1600 rpm in O,-saturated (c) 0.1 M KOH and (d)
0.5 M H,SO,4 before and after 3500 potential cycles.

catalytic performance of the N-doped carbon microspheres,
especially in the case of the N-CSH sample, contrarily to the
currently commercialized Pt/C catalyst.

The stability of the catalysts is another critical feature of the
ORR process.” Accordingly, it was assessed by an accelerated
durability test protocol (see Experimental section for specific
details). The ORR stability of N-CSH, N-CS and Pt/C was
analyzed by recording linear sweep voltammograms in KOH
and H,SO, saturated with O, before and after the cycling
protocol. Fig. 5c displays the polarization curves before and
after 3500 cycles in KOH electrolyte. No significant variations
are observed in the onset and half-wave potentials in the case of
the N-CSH sample, whereas for N-CS both parameters down-
shift by 10 mV and 40 mV respectively. Since the decay of the
half-wave potential in the polarization curves before and after
a long cycling test is a measurement of the stability of the
catalyst,”””® the excellent durability of the N-doped materials in
basic medium is undeniable. Besides, both materials exhibit
better electrocatalytic stability than commercial Pt/C, which
exhibits a decrease on the onset and half-wave potentials of 10
and 90 mV respectively. The results obtained in 0.5 M H,SOy,,
shown in Fig. 5d, reveal that the onset potential of N-CSH does
not experience any modification, while the half-wave potential
slightly decreases (by ~10 mV). However, for the N-CS sample,
the onset potential decreases by 70 mV, with a similar dimi-
nution on the half-wave potential. On the other hand, Fig. 5d
makes abundantly clear that commercial Pt/C is the least stable,
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with a diminution of 70 mV on the onset potential and 140 mV
on the half-wave potential. These results prove the superior
electrocatalytic stability of the N-doped microspheres in both
electrolytes compared to commercially available Pt/C. On the
other hand, the better stability of N-CSH in comparison to N-CS
may be explained by their different pore structure. Thus, the
N-CSH carbon possesses a bimodal mesoporous structure that
enhances the mass-transport kinetics of reactant and products
towards/away from the catalytic sites in such a way that the
active sites are fully accessible during the whole accelerated
durability test protocol.” On the contrary, the results obtained
for the microporous sample N-CS suggest a slower transport
of reactants and products, giving rise to the accumulation of
the products on the active sites. Furthermore, accumulation
of products might also be favored by the enhanced adsorption
potential existing in micropores.

Conclusions

In summary, we provide a synthetic strategy towards N-doped
carbon microspheres with an engineered pore structure and
structural features that lead to a high-performing ORR catalyst.
Depending on the template used, the porosity of the carbon
microspheres was tuned from a micro- to a mesoporous
network. Such synthesized N-carbons were tested as metal-free
electrocatalyst for ORR in basic (0.1 M KOH) and acid
(0.5 M H,S0,) electrolytes. As both kinds of microspheres have
a similar chemical composition, electronic conductivity,
specific surface area and particle size, the only major difference
being their pore size distribution, we could inferred the effect
of pore size on the electrocatalytic activity. The N-doped meso-
porous carbon microspheres clearly exhibited a better electro-
catalytic performance than the microporous carbon
microspheres in terms of ORR catalytic activity, selectivity
and durability in both media. The outstanding performance of
the mesoporous microspheres is the result of the combination
of several features: (i) a high nitrogen content (~8 wt%),
quaternary- and pyridinic-N being the major contributions, (ii)
an accessible mesoporosity (two mesopore systems centered
at ~3 nm and ~14 nm) that enhances the mass-transport of
the species towards and away from the catalytic active sites
and (iii) a large specific surface area (1160 m*> g~') and pore
volume (1.43 cm® g~ '). Moreover, these N-doped mesoporous
carbon microspheres outperformed commercial Pt/C catalyst
in basic media, showing similar onset potential but higher
half-wave potential and kinetic current density. Additionally,
their electrocatalytic performance in acidic medium is compa-
rable to that of Pt/C, showing analogous onset potential and
kinetic current density. Furthermore, contrarily to platinum,
both types of carbon microspheres are unaffected by methanol
crossover and are robust against cycling, which makes them
excellent metal-free carbon catalyst for ORR. Finally, the
percentage of hydrogen peroxide produced in the case of the
mesoporous microspheres is lower than 10% in H,SO, elec-
trolyte and 6% in KOH electrolyte (both values being lower than
those of the microporous carbon), proving their electrocatalytic
selectivity towards an efficient four electron mechanism.
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