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ABSTRACT: Electrochemical reduction of oxygen molecules can
produce H,O,, which is an important chemical for a green and
sustainable society; therefore, the development of catalysts for this
reaction is necessary. We propose mesoporous nitrogen-doped
carbon prepared from (1-methyl-1H-pyrrole-2-yl)methanol in the
presence of a mesoporous SiO, template (KIT-6). The nitrogen
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content of the resulting carbon can be controlled in the range of 0—

10 at. % and all prepared samples have well-ordered mesopores with diameters of 3.4—4.0 nm. Electrochemical studies indicate
the present materials have high catalytic activities with high selectivity toward H,O, over 90%. Such high selectivity toward H,0,
is probably due to good mass transport in the catalyst layer, which is enhanced by the mesoporous structure.
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B INTRODUCTION

Developing an electrochemical oxygen reduction reaction
(ORR) based on a nonprecious metal (NPM) catalyst is very
important for the establishment of green and sustainable
chemistry. The four-electron reduction pathway produces H,O
and releases a relatively large free energy (1.23 V vs RHE),
while the two-electron reduction pathway produces H,O, at a
lower potential (0.7 V vs RHE). With the consideration of fuel
cell applications, numerous studies have been published
regarding NPM catalysts prepared from precursors containing
Fe (or Co), C, and N."™® These catalysts tend to exhibit
relatively high electron numbers close to 4, and transition-metal
centers such as the FeN, moiety have been considered to be the
active sites for four-electron reduction. However, Olson et al.
quite recently proposed that the nominal four-electron
reduction actually consists of a 2 + 2 reduction pathway that
starts from the two-electron reduction to form H,0,.”
Therefore, understanding the nature of 2-electron reduction
is important for the design of highly active NPM catalysts for
fuel-cell applications. Moreover, the two-electron reduction of
oxygen itself includes a very important application, ie., the
electrochemical synthesis of H,0,.* H,0, is a key chemical,
especially in the paper industry, and is expected to be
increasingly used as an oxidizing agent for green and sustainable
chemistry. Instead of the current multistep anthraquinone
process, which requires a large amount of energy, direct
synthesis of H,0, by the electrochemical reduction of oxygen is
receiving much attention, with respect to developing more
ecofriendly processes. As such, several cathode catalysts have
been proposed for the electrochemical reduction of oxygen,”'°
and Co- or Mn-based catalysts are considered to be state-of-
the-art catalysts.'"'>
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Transition-metal centers have been considered to be essential
for the ORR; however, several nitrogen-doped carbon materials
without transition metals have been reported,'*™"” although
their catalytic performance and selectivity are not as good as the
transition-metal-based catalysts. If a highly active metal-free
electrocatalyst for the two-electron ORR could be demon-
strated, then a more environmentally friendly electrochemical
system for H,O, production could be achieved. In addition,
useful information could be obtained to further our under-
standing of the 2 + 2 reduction pathway.

To improve the catalytic activity and control the catalytic
selectivity, it is important to control the mesoporous structure
of the catalyst material. In this context, mesoporous carbons are
promising materials for electrocatalysts. The synthesis of highly
ordered mesoporous carbon was first reported in 1999 by Ryoo
et al."® Ordered mesoporous carbons are typically synthesized
from organic carbon sources such as furfuryl alcohol (FFA) in
the presence of a hard template such as mesoporous silica.'”*°
Mesoporous nitrogen-doped carbon (MNC) can be synthe-
sized via similar hard-templating methods by the introduction
of nitrogen-containing precursors. Vinu et al. reported the
synthesis of MNC from carbon tetrachloride and ethylene
diamine, but these precursors are hazardous.”’ Park et al.
reported a synthetic route using the incipient wetness method
with cyanamide as a precursor; however, this resulted in a
poorly ordered structure because cyanamide did not distribute
well in the template.”” Fulvio et al. reported the synthesis of
MNC via the chemical vapor infiltration of pyrrole into
mesoporous silica and the resulting carbon showed 780 m* g™
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of BET surface area and 3—8 wt % of nitrogen.”® Fellinger et al.
reported the synthesis of MNC with BET surface area of 320
m” ¢! and demonstrated the electrocatalytic activity for H,0,
synthesis.”* These pioneering works suggest that the synthesis
of well-ordered MNC is slightly more difficult than that of
nitrogen-free mesoporous carbon, and there is room for
improvement.

In the present study, we propose the use of (1-methyl-1H-
pyrrole-2-yl)methanol (MPM), which has a similar chemical
structure to furfuryl alcohol, as a new precursor for the
production of well-ordered MNCs. Figure 1 shows a schematic
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Figure 1. Procedure for the synthesis of mesoporous N-doped carbon
and activated N-doped carbon.

of the MNC synthesis procedure. We have suceessfully
synthesized well-ordered mesoporous carobn from MPM in
the presence of a mesoporous SiO, template (KIT-6), and
studied its electrocatalytic activity for ORR in acidic media.
Moreover, to discuss the effect of the mesopores in MNC on
the catalytic properties, an activated nitrogen-doped carbon
(ANC) has also been prepared without the SiO, template, and
its electrocatalytic activity has been studied.

B EXPERIMENTAL SECTION

Synthesis of (1-Methyl-1H-pyrrole-2-yl)methanol.
Twenty grams (20 g) of 1-methyl-1H-pyrrole-2-carboxaldehyde
and 10 g of NaBH,, were added to 500 mL of tetrahydrofuran in
a three-necked flask and stirred at room temperature (RT) for 2
h. After the addition of 500 mL of water to dissolve the residual
NaBH,, the mixture was twice extracted with dichloromethane.
The organic extracts were washed with water and dried over
MgSO,, and a few drops of triethylamine were added as a
stabilizer. The solution was then concentrated with a rotary
evaporator. Finally, the yellow liquid was purified by distillation
and MPM was collected as a clear colorless liquid. Yield: 80%.
'H NMR (400 MHz, DMSO, &, ppm) 3.57 (s, 3H), 4.37 (d,
2H), 4.81 (t, 1H), 5.85 (m, 1H), 5.89 (m, 1H), 6.65 (m, 1H);
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C NMR (100 MHz, DMSO, §, ppm) 33.3, 54.9, 105.8, 107.7,
122.4, 132.6.

Synthesis of Mesoporous Silica, KIT-6.> In a poly-
propylene bottle, 8 g of a triblock copolymer (Pluronic P123,
Sigma—Aldrich) was dissolved in 300 g of 0.5 M HCl(aq).
Eight grams (8 g) of n-butanol was added and the solution was
stirred at 35 °C for 1 h. Tetraethyl orthosilicate (17.2 g, from
Aldrich) was then added and the mixture was stirred
continuously at 35 °C for 1 h. The mixture was left to stand
at 100 °C for 24 h. After filtration and drying at 100 °C, the
obtained powder was washed with a solution of ethanol and
HCI to remove the soft template. KIT-6 was finally obtained by
calcining the powder at 580 °C for 4 h.

Synthesis of Mesoporous Nitrogen-Doped Carbon.
Four milliliters (4 mL) of a mixture of MPM and furfuryl
alcohol (FFA), which corresponds to 80% of the total pore
volume of KIT-6, was impregnated into 0.5 g of KIT-6 by the
incipient wetness method. The impregnated KIT-6 was heated
at 100 °C for 24 h and then at 350 °C for 2 h in air. A quantity
of 020 mL of the precursor mixture was additionally
impregnated into the resulting powder and heated in the
same manner. An additional 0.10 mL of the precursor mixture
was then impregnated, followed by heating at 100 °C for 24 h,
and then at 850 °C for 2 h in a N, flow. The resulting powder
was washed with a solution of 3 M NaOH in H,O/EtOH and
dried to obtain MNC.

Synthesis of Activated Nitrogen-Doped Carbon. Two
grams (2 g) of MPM were heated at 100 °C for 24 h and then
at 850 °C for 2 h in a N, flow. The resulting powder was
ground with a planetary ball mill (Fritsch, P7), physically mixed
with KOH (C:KOH = 2:1 w/w) and then heated at 800 °C for
1 h. After washing the mixture with 1 M HCl(aq), the carbon
was heated again in a N, flow at 600 °C for 1 h.

Characterization. The specific surface area and mesopore
volume of the catalysts were determined by N, adsorption
using a volumetric adsorption instrument (Bel Japan, Belsorp-
mini II). The C, H, and N contents of the catalysts were
determined using a CHN elemental analyzer (Perkin—Elmer,
Model 2400-II). X-ray diffraction (XRD) (Rigaku, Model
Ultima IV) was measured at room temperature with Cu Ka
radiation. Transmission electron microscopy (TEM) (JEOL,
Model 2010F) observations were conducted at an acceleration
voltage of 200 kV. X-ray photoelectron spectroscopy (XPS)
was performed using a spectrometer (JEOL, Model JPS-
9010MC) equipped with a monochromator using an Al anode
at 12 kV and 25 mA. The binding energies were charge-
corrected, with respect to the C 1s signal at 284.6 eV.

Electrochemical Study. The catalytic activity of the
samples was evaluated using linear sweep voltammetry (LSV)
(S mV s7") with a rotating ring-disk electrode (RRDE).® The
catalyst powder was dispersed in a mixture of Nafion solution
(5 wt %, Aldrich), ethanol, and water and then was applied to
the surface of a glassy carbon electrode. The amount of catalyst
loading was 0.2 mg cm ™2 The rotation speed of the RDE was
controlled with an RDE system (Nikko Keisoku, RDE-1) and
the electrochemical data were collected with a potentiostat
(ALS, 2323). LSV was first performed in N,-saturated H,SO,
(0.5 M), and then in O,-saturated H,SO,. The ORR current
was determined by subtracting the N, current from the O,
current. The potential of the Pt ring electrode was kept at 1.2V
(RHE) for the detection of H,0, produced on the disk
electrode and the selectivity for the two-electron reduction,
X(H,0,), was calculated using the following equation:
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X 100

X(H,0,) (%) =2 X ——
b TN (1)

where j, is the disk current, j the ring current, and N the
collection factor, which was experimentally determined as 0.25
by the redox of Fe®*/Fe".

B RESULTS AND DISCUSSION

Synthesis and Characterization of Mesoporous Nitro-
gen-Doped Carbon. Figure 2 shows X-ray diffraction (XRD)

~
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Figure 2. XRD patterns for KIT-6 and MNCs.

patterns for the MNCs, where MNC-X represents the product
from a starting mixture of X mol % MPM and 100 — X mol %
FFA. All MNCs have clear diffraction patterns, similar to that of
KIT-6, assigned to the (211) and (220) planes of a cubic
mesoporous structure with the Ia3d space group. Figure 3

—0— MNC-100

Volume (cmag'1)

Relative Pressure

Figure 3. N, adsorption isotherms for MNCs and ANC at 77 K.

shows nitrogen adsorption—desorption isotherms for the
MNCs, each of which has IUPAC type IV characteristics with
a hysteresis loop and two capillary condensation steps in the
mesopore range, which indicate the presence of uniform
mesopores. The adsorption isotherms were analyzed using the
Barrett—Joyner—Halenda (BJH) method and the pore size
distributions are shown in Figure 4. All of the MNCs exhibit
narrow pore size distributions centered at ~3.7 nm. The
detailed results of N, adsorption are summarized in Table 1.
The MNCs have high Brunauer, Emmett and Teller (BET)
specific surface areas (Sgpr) of 780—1150 m* g~". It should be
noted that the mesopore volumes calculated by the BJH
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Figure 4. Pore size distribution evaluated by the BJH method for the
N, adsorption isotherms.

Table 1. Results of N, Adsorption and Elemental Analysis

St V" Vewo . View/  Drw,  N/C
sample (m*g™”) (mLg’) (mLg') Vi nm) ratio®
MNC- 782 1.21 1.15 091 34 0.008
00
MNC- 799 141 1.42 0.95 3.6 0.043
25
MNC- 990 1.55 1.53 1.01 3.7 0.069
S0
MNC- 796 133 1.35 0.99 3.9 0.077
75
MNC- 1152 1.70 1.64 1.02 3.9 0.099
100
ANC 616 0.32 0.09 0.27 <2 0.050

“Determined from the adsorption volume at p/p, = 0.99. "Calculated
using the BJH method. “Determined using elemental analysis

method are very close to the total pore volumes evaluated from
the adsorption volumes at P/P; = 0.99 for all MNC samples.
This confirms that this synthesis method can introduce
mesoporosity with extremely high selectivity. Figure 5 shows
transmission electron microscopy (TEM) images of the MNCs,
which indicate that well ordered mesostructures have been
introduced into the resulting carbons. Thus, the mesostructure
of KIT-6 was successfully transferred to the MNCs. The
nitrogen contents of the prepared MNCs were investigated by
elemental analysis and the N/C values are shown in Table 1.
The results show that the nitrogen content of MNC can be
controlled in the range of 0—10 at. % by simply changing the
mixing ratio of MPM and FFA.

To discuss the effect of the mesopores in MNC on the
catalytic properties, an activated nitrogen-doped carbon (ANC)
was also prepared without the SiO, template, as shown in
Figure 1. The porous structure of ANC was unlike that of the
MNCs, although the N/C of 0.050 was similar to those for
MNC-50 (Table 1). The N, adsorption isotherm for ANC in
Figure 3 has IUPAC type I characteristics, which suggests that
ANC consists mainly of micropores. The BJH analysis results
presented in Figure 4 do not show a clear mesoporous structure
for ANC. Therefore, MNC-50 and ANC are a good sample pair
to discuss the effect of mesoporous structure, because they have
similar nitrogen contents but different porous structures.

The surface properties of MNC-50 and ANC were
investigated to clarify the effect of different pyrolysis protocols.
Figure 6 shows X-ray photoelectron spectroscopy (XPS)
spectra for MNC-50 and ANC. The C 1s spectra can be
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Figure S. Transmission electron microscopy
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Figure 6. C 1s and N 1s XPS spectra of MNC-50 and ANC.
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divided into three peaks by the deconvolution method:
aromatic carbon at 284.6 eV, ether (C*OC) species at
285.6—285.7 eV and ester (C*OC=0) species at 286.6—
286.9 eV.”® The N 1s spectra can also be divided into three
peaks: pyridinic (398.4—398.5 eV), pyrrolic (399.9—400.0 eV),
and graphitic (401.0—401.2 eV).”” The majority of N 1s signals
can be assigned to pyridinic and graphitic nitrogen, which have
been proposed as catalytically active nitrogen species for the
ORR.***73° The XPS spectra of MNC-50 and ANC are quite
similar; therefore, it can be concluded that their surface
properties are similar.

Electrochemical Study. Figure 7 shows RRDE voltammo-
grams for the MNCs and ANC. The ORR current densties are
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Figure 7. RRDE voltammograms for the ORR with the MNCs and

ANC. Conditions: temperature, room temperature (RT); catalyst
loading, 0.2 mg cm™%; electrolyte, 0.5 M H,SO,; rotation, 1500 rpm.

shown as the difference between the N, current and O, current.
(Individual N, and O, voltammograms are shown in the
Supporting Information.) The voltammogram for MNC-0
suggests that it has catalytic activity for the ORR, even if it does
not contain any nitrogen species. It is interesting that the ORR
curves are shifted toward positive potential as the nitrogen
content increased. Pyridinic and graphitic nitrogen are probably
responsible for the catalytic activity in ORR, as proposed in the
literature.***° Note that the X(H,O,) values for the MNCs
are extremely high (>90%). To our knowledge, this two-
electron reduction performance is better than that of state-of-
the-art metal-free catalyst. Table 2 summarizes the ring currents
and formation rates of H,0,, which was calculated from the
ring current, with MNCs and ANC at 0.4 and 0.1 V (RHE). At
0.1 V, MNC-100 exhibits a ring current of 0.148 mA, which
corresponds to H,0, formation at 3.06 pmol s!, while
Fellinger et al. reported 2.13 pmol s™' of H,0, formation over
the BMP-800 catalyst using a similar experimental setup.** This
is probably because the MNC-100 has a higher specific surface
are (1152 m* g~') than BMP-800 (320 m* g~'). Moreover, this
performance is comparable with that for transition-metal-based
catalysts. MNC-100 exhibits a ring current of 0.057 mA at 0.4 V
(RHE) and 1500 rpm, which corresponds to H,O, formation at
1.18 pmol s™!, while Yamanaka et al. reported ring currents of
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Table 2. Ring Current Values and Formation Rates of H,O,
with MNCs and ANC at 0.4 and 0.1 V (RHE) under 1500

rpm

jr (uA) (H,0,) (pmol s7')

sample 04V 01V 04V 01V
MNC-100 57 148 118 3.06
MNC-75 33 138 0.68 2.86
MNC-50 35 154 0.72 3.19
MNC-25 15 132 0.31 274
MNC-0 S 127 0.11 2.63
ANC 42 81 0.88 1.68

“r(H,0,) = jr/(2NF).

~0.15 and 0.02 mA for Co- and Mn-based catalysts,
respectively, using a similar experimental setup.''* It is
significant that such a two-electron reduction performance
has been achieved with a metal-free carbon catalyst in the
present work. In contrast to MNCs, the micropore-dominant
ANC (Table 1) shows a higher onset potential than MNC-50
and a lower X(H,0,) value, although they are still quite
different from those with state-of-the-art Pt-based catalysts,
which shows an onset potential over 1 V and no H,O,
formation.*"*>

The selectivity values toward H,0, over MNC-50 and ANC
were double-checked by preparing Koutecky—Levic (KL) plots.
RRDE voltammetry was performed at 100, 400, 900, 1600, and

2500 rpm and 1/jp, is plotted against w~"/2 in Figure 8, where @
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Figure 8. Koutecky—Levic (KL) plots for MNC-50 and ANC.

is the rotation speed of the electrode. The slope of the KL plot
for MNC-50 is very close to the theoretical slope for 2-electron
reduction. In contrast, ANC has a lower slope, which indicates
a higher electron number for the ORR. The slopes were
converted to X(H,0,), using the following equations:

B = 0.62zFD**vV°C )
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%) =[2- %
X(H,0,) (%) (2 2) % 100 o
where B is the slope of the KL plot, z the electron number of
the ORR, F the Faraday constant (96485 C mol™), D the
diffusion coefficient for oxygen (1.36 X 107> cm® s7'), v the
kinetic viscosity (1.0 X 107> cm® s7'), and C the bulk
concentration of O, (149 X 107° mol cm™2).* Table 3

Table 3. Selectivity toward Two-Electron Reduction
Evaluated from Koutecky—Levic (KL) Plots and RRDE
Voltammetry

Selectivity (%)

MNC-50 ANC
resource 0.1V 02V 03V 0.1V 02V 03V
KL plot 93 93 92 58 62 70
RRDE 93 94 95 60 57 56

presents a comparison of the X(H,0,) values determined from
RRDE voltammetry and the KL plots. These results are in good
agreement with MNC-50 showing high X(H,0,) values over
90%, whereas ANC has lower values.

The extremely high selectivity of the MNCs toward the two-
electron pathway can be explained as illustrated in Figure 9.

M porous N-Doped Carbon

4*' ©:

Activated N-Doped Carbon

o

,0
0,
Figure 9. Schematic images of the oxygen reduction reaction (ORR)

over (left) mesoporous carbon catalysts and (right) microporous
carbon catalysts.

The ORR on the nitrogen-doped carbon surface probably starts
with two-electron reduction to form H,O,. In the case of
mesoporous catalysts, the H,0, produced can be released
within a relatively short contact time, bceause of the ease of
mass transport; therefore, H,O, can be produced with
extremely high selectivity. In contrast, H,O, produced in the
micropore-dominant ANC is resident for a longer time and,
thus, has a greater chance to be further reduced to form H,O or
decompose by disproportionation; therefore, the ORR results
in a lower selectivity toward H,O,. This tendency will become
stronger if a catalyst contains some transition metals such as Fe,
which increases the electron number of ORR; Xu et al. reported
very high electron numbers (3—4) with a Fe—N—C-based
catalyst, despite its mesoporous structure.>* In other words,
another criterion, as well as mesoporous structure, to achieve an
extremely high selectivity toward H,0, is to avoid active
centers that increase the electron number and it could be stated
that, with regard to this aspect, nitrogen-doped carbon without
transition metals is a suitable material.

H CONCLUSION

Highly ordered mesoporous nitrogen-doped carbon materials
have been successfully synthesized. These materials exhibit
excellent catalytic activities for electrochemical oxygen
reduction to produce H,0,. Comparison of the mesopore-
dominant nitrogen-doped carbon and a micropore-dominant
nitrogen-doped carbon suggests that the mesoporous structure

dx.doi.org/10.1021/cs5008206 | ACS Catal. 2014, 4, 3749—3754
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enhances mass transport in the catalyst layer, which results in
an extremely high selectivity toward H,0O,. Further studies are
planned in order to clarify the detailed reaction mechanism and
to further develop active ORR catalysts.

B ASSOCIATED CONTENT
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RDE voltammograms with N, and O, are provided as
Supporting Information. This material is available free of
charge via the Internet at http://pubs.acs.org.
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