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ABSTRACT: The rational design of high-performance and cheap
nanomaterials for multiple sustainable energy storage applications is
extremely urgent but remains challenging. Herein, a facile commercial
melamine-sponge-directed multicomponent surface self-assembly strat-
egy has been reported to synthesize N-doped carbon aerogels (NCAs)
with low density (0.01 g cm™), large open pores, and high surface area
(1626 m* g'). The commercial melamine sponge simultaneously serves
as a green N source for N-doping and a 3D scaffold to buffer electrolytes
for reducing ion transport resistance and minimizing ion diffusion
distance. With their tailored architecture characteristics, the NCAs-based
supercapacitor and oxygen reduction electrocatalyst show excellent

performance.
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B INTRODUCTION

Since the first report of aerogels by Kistler in 1930s," several
light cellular materials such as oxide aerogels,2 metal aerogels,3
chalcogenide aerogels,4 and carbon-based aerogels (CAs)>®
have been prepared to exploit their wide applications ranging
from thermal insulators to heavy metals, oil absorption,s”6
energy storage, and catalyst supports’ due to their low density,
large open pores, high inner surface area, and other excellent
properties.® Specifically, CAs combining the high conductivity
of nanocarbons with the aforementioned properties of aerogels
have attracted intensive attention.>”” The true potential of
CAs may be realized by introducing functional materials to
achieve more advanced usability, such as oxygen reduction
electrocatalysts and supercapacitors.'”'"

In conjunction with the emergence of these new CAs,
nitrogen (N) doping has been proven effective for improving
the energy storage performance and electrocatalytic activities of
nanocarbon materials.'* In the N-doped electron-rich carbon
nanostructures, carbon 7 electrons can be activated by
conjugation with lone-pair electrons from N dopants, and the
positively charged carbon atoms that are neighbor to N atoms
can effectively reduce oxygen molecules.'> Additionally, the N
atoms, a pseudocapacitive component, concomitantly contrib-
ute to the improvement of the specific capacitance by coupling
the pseudocapacitance to the electric double-layer capacitors of
nanocarbons.'>™"* Up until now, the reported methods for N-
doped nanocarbon mainly included chemical vapor deposition,
arc discharge, thermal annealing with N precursors, and so
on.'® Rigorous conditions or special instruments are often
required. Also, the toxic N-enriched small molecules, such as
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NH;, aniline, pyridine, pyrrole, or melamine, have been used."®
For example, our group recently reported a hydrothermal self-
assembly strategy to fabricate 3D N-doped graphene—CNT
networks (3D-NGCs) in the presence of pyrrole. The resulting
3D-NGCs-based supercapacitors show high specific capaci-
tance, good rate capability, and excellent stability."*> However,
the toxicity of these N precursors limits the practical
applications.'” Tt is still of great urgency to develop relatively
green and facile methods to synthesize novel N-doped
nanocarbon materials with superior electrochemical perform-
ance.

In this work, we report a relatively green and facile self-
assembly approach for the synthesis of N-doped carbon
aerogels (NCAs), a multicomponent self-assembly on the
surface of commercial melamine sponge (CMS). The key
difference of this new approach is that we used CMS, a
melamine polymer, as a green N precursor and a 3D substrate
for the self-assembly. The CMS, discovered in the early 21st
century, is an effective abrasive cleaner and has been used for
over 20 years. For instance, Hou’s group synthesized an elastic
carbon foam by directly carbonizing commercial melamine
foam, which functioned well as flexible electrode and organic
adsorbent.'® The CMS is inexpensive, easy to obtain, and
nontoxic at room temperature.'® Importantly, the 3D
interconnected macrostructures can buffer electrolytes to
reduce ion transport resistance and minimize ion diffusion
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distance for enhanced applications. The large amounts of
macropores and interconnected mesopores with high surface
. 19,20 .
area promote ion transport and charge storage. Benefiting
from the synergistic effects, the resulting NCAs show excellent
capacitance and advanced oxygen reduction properties.

B EXPERIMENTAL SECTION

Materials. Tetraethyl orthosilicate (TEOS), phenol, form-
aldehyde solution (37%), NaOH, HCIl, and ethanol were
purchased from Sinopharm Chemical Reagent Co. Ltd.
Pluronic F127 (MW = 12 600, PEO, s, PPO,,_PEO,s) was
purchased from Sigma-Aldrich Corp. All chemicals were used as
received without any further purification. Doubly distilled water
was used in all experiments.

Synthesis of the N-Doped Carbon Aerogels. In a typical
preparation, a 0.5 g block of the copolymer F127 was dissolved
in a solution containing 2.0 g ethanol and 0.5 ¢ HCI (0.2 M)
and stirred for 1 h at 40 °C to afford a clear solution. Next, 1.04
g of TEOS and 1.25 g of 20 wt % phenol-formaldehyde resol
(PF)—ethanol solution were added in sequence. After being
stirred for 90 min, the commercial melamine sponges were
added into the mixture, followed by the evaporation of ethanol
for 8 h at room temperature. The hybrids were then subjected
to thermopolymerization at 100 °C for 24 h. Finally, the as-
made specimens were calcined in a tubular furnace at 850 °C
for 2 h under Ar, followed by NaOH etching for the removal of
silica; thus, the NCAs were obtained.

Synthesis of the Control Samples. The preparation of
mesoporous carbon (MC) is similar to that of NCAs even
without the addition of CMS; the carbonized melamine foam
(MF) was prepared by the direct carbonization of the CMS at
850 °C for 2 h under Ar.

Characterization. Transmission electron microscopy
(TEM) measurements were taken on a JEOL 2100F micro-
scope (JEM, Japan) operated at 200 kV. Scanning electron
microscopy (SEM) measurements were taken on a Sirion 200
microscope (FEIL, USA) operated at 5 kV. Nitrogen sorption
isotherms were measured at 77 K with a Micromertics ASAP
3020 analyzer (Micromertics, USA). Before measurements
were taken, the samples were degassed in a vacuum at 300 °C
for at least S h. The Brunauer—Emmett—Teller (BET) method
was utilized to calculate the specific surface areas (Szgr) using
adsorption data in a relative pressure range from 0.04 to 0.2. By
using the Barrett—Joyner—Halenda (BJH) model, we derived
the pore volumes and pore size distributions from the
adsorption branches of isotherms, and the total pore volumes
(V,) were estimated from the adsorbed amount at a relative
pressure (P/P;) of 0.994. The X-ray photoelectron spectra
(XPS) were recorded on an ESCALab MKII X-ray photo-
electron spectrometer using a Mg Ka radiation exciting source.

Electrochemical Measurement. Evaluation of the
Supercapacitor Properties. The electrochemical properties of
the prepared samples were investigated with a CHI 660A
electrochemical workstation (Chenhua, Shanghai) in 6 M KOH
using cyclic voltammetry (CV) and galvanostatic charge—
discharge methods in a conventional three-electrode cell
between —1.0 and 0.0 V, respectively, at various scan rates
and current densities. The resulting NCAs were directly used as
working electrodes. The Ag/AgCl and Pt wire were used as the
reference and counter electrode, respectively. Specific capaci-
tances derived from galvanostatic charge—discharge tests can be
calculated from the equation:
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C = IAt/mAV

where C, I, At, m, and AV are the specific capacitance (F g™'),
the discharge current (A), the discharge time (s), the mass of
the active materials (g), and the potential window, respectively.

Electrochemical impedance spectroscopy (EIS) testing was
performed in the frequency range from 0.1 Hz to 100 kHz with
a bias potential of 0 V versus Ag/AgCL

Electrocatalytic Oxygen Reduction Testing. Inks of the
resulting samples (NCAs, MC and MF) were prepared by
ultrasonically mixing 4 mg catalyst powder with a mixture of
960 uL ethanol and 40 uL Nafion solution (S v/v %, Sigma-
Aldrich) for 20 min to form homogeneous catalysts ink. Next,
10 uL of catalysts ink was carefully dropped onto the polished
glassy carbon rotating disk electrode (RDE), leading to the
mass loading of approximately 0.2 mg cm™>. For comparison,
the commercial Pt/C catalysts (Vulcan, 20 wt %) with a loading
of approximately 25 ug cm™> were employed.

Electrochemical measurements of cyclic voltammetry on
RDE were performed by a computer-controlled IM6ex
electrochemical workstation (Zahner, Germany) with a three-
electrode cell system. A glass carbon RDE (PINE, S mm
diameter, 0.196 cm?), after the electrocatalyst was loaded, was
used as the working electrode, an Ag/AgCl electrode as the
reference electrode, and a Pt wire as the counter electrode. The
electrochemical experiments were conducted in O,-saturated
0.1 M KOH electrolyte for the oxygen reduction reaction at
room temperature. The potential range is cyclically scanned
between +0.2 and —0.8 V versus Ag/AgCl at a scan rate of 10
mV s~ and various rotating speeds from 600 to 2000 rpm. The
sample was tested three times to avoid any incidental error.

The Koutecky—Levich plots were obtained by the linear
fitting of the reciprocal rotating speed versus the reciprocal
current density collected at different potentials from —0.4 to
—0.8 V versus Ag/AgCl The overall electron transfer numbers
per oxygen molecule involved in a typical ORR process were
calculated from the slopes of Koutecky—Levich plots using the
following equation:

1

+ Bo'/?

where Ji is the kinetic current in amperes at a constant
potential, @ is the electrode rotating speed in rpm, and B is the
reciprocal of the slope, which was determined from the slope of
Koutecky—Levich plots based on the Levich equation as
follows:

-1/6 2/3
B = 02n-Fv~"/%Cqy Dy,

where 7 is the number of electrons transferred per O, molecule,
F is the Faraday constant (96485 C mol™), v is the kinetic
viscosity, and Co, is the concentration of O, (1.2 X 107 mol

L™"). Do, is the diffusion coefficient of O, in 0.1 M KOH (1.9

X 1075 cm s7'), and the constant 0.2 is adopted when the
rotating speed is in rpm.

The accelerated stability tests were performed in O,-
saturated 0.1 M KOH at room temperature by potential
cycling between +0.2 and —0.8 V versus Ag/AgCl at a sweep
rate of 200 mV s~ for 10 000 cycles. At the end of cycling, the
resulting electrode was used for polarization testing.
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B RESULTS AND DISCUSSION

The overall synthetic procedure for NCAs is illustrated in
Scheme 1. The commercial melamine sponge (CMS) with 3D

Scheme 1. Fabrication of NCAs

1 Self-assembly of F127,
PF and TEOS >
2 Carbonization, ctching

CMS

interconnected macroporous framework was used as the
substrate for the surface self-assembly of the Pluronic F127
templates, PF solution, and TEOS precursors. After the
carbonization and subsequent NaOH etching, the F127
surfactant were burned out, the CMS was transferred to a
nitrogen source to account for the N doping into the
amorphous carbon that derived from PF, the silicates were
removed by NaOH, and, finally, the NCAs were successfully
constructed. We speculate that the possible mechanism of
nitrogen doping on carbon aerogels is as follows: (1) The
triconstituent of Pluronic F127 surfactant, PF, and TEOS can
attach to the surfaces of CMS through physical adsorption or
7—7 interactions due to their conjugated structure. (2) During
the high-temperature carbonization, the N source of CMS that
attached with PF is more likely doped due to the defects and
edges of porous carbon that derived from PF, or the CMS itself
can form N-doped carbon, which is similar to that of N-doped
graphene.”

The as-prepared NCAs have an apparent density value of
0.01 g cm™>, which is slightly lower than that of cellulose
aerogel (0.14 g em™)*" and of graphene aerogel (0.0109 g
em™).>* The light weight allows an NCAs sample with a
volume of approximately 3.9 cm? to stand stably on the top of a
grass without deforming the grass at all (Figure la inset). The
low density is directly ascribed to the rich, open, porous
nanostructure, as shown in the SEM images (Figure 1a), which
inherits the 3D interconnected macrostructures of CMS

(Figure 1c) and MF (Figure 1d). The MC samples show a
featureless morphology (Figure le), highlighting the important
role of CMS. The thickness of the macropore wall for NCAs
increases from approximately 5 to approximately 13 ym due to
the coated mesoporous carbon derived from PF, an increase
which is inverse to the decreased wall thickness of MF (from
approximately S to approximately 3 ym) owing to shrinkage
during the high-temperature carbonization of CMS (Figure
1d).

The high-resolution SEM (HR-SEM) of NCAs exhibits a
clearly stripelike arrangement (Figure 1b) that is similar to that
of MC samples (Figure 1f), implying an ordered nanostructure
of NCAs and MC with 2D hexagonal pores (for more TEM
images, see Figure S1 in the Supporting Information).”’
However, the MF only exhibits a smooth surface with no
porosity (Figure 1d inset). The stripelike arrange is also
observed from the TEM image (Figure lg); the HR-TEM
image (Figure lg inset) shows that the pore size of these
stripelike arranged pores is approximately 6 nm.”> A
comparison between the smooth surface of directly carbonized
melamine foam (MF, Figure 1d) and the monolithic featureless
morphology of mesoporous carbon (MC) without a 3D CMS
substrate (Figure le) indicates that the hierarchical macro-
mesoporous architecture of NCAs is ascribed to the synergistic
effects between the CMS and the multicomponent self-
assembly. The porosity of NCAs is further confirmed by N,
sorption technology, as shown in Figure 1h. The NCAs exhibit
a type IV isotherm with a sharp capillary condensation step in
the relative pressure (P/P,) ranging from 0.4 to 0.8 and an
obvious H,-type hysteresis loop corresponding to the narrow
pore size distribution of large primary mesopores (
approximately 6.0 nm) caused by the decomposition of F127
during carbonization.”*** The Hj-type hysteresis loop at P/P,
between 0.8 and 1.0 is attributed to the macropores derived
from CMS. Remarkably, a distinct sorption in the isotherm
curves at P/P, in the range of 0.1—0.3 is observed, suggesting
smaller pores with a wide distribution below 3.5 nm. The
smaller pores interconnected with primary mesopores are
attributed to the removal of silicas from TEOS.>® Based on the
standard BET method, the calculated specific surface area of
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Figure 1. (a,c,e) SEM and (b,d,f) high-resolution SEM images of the (a,b) NCAs, (c) CMS, (d) MF, and (e,f) MC. (g) TEM images of NCAs. (h)
N, sorption isotherms of NCAs. The insets of (a), (c), (d), (g), and (h) are the photographs of an as-prepared NCAs with a size of 2.7 cm X 1.6 cm
X 0.9 cm standing on a grass, SEM images of CMS, the HR-SEM images of MF, HR-TEM images of NCAs, pore size distribution curves of NCAs,

respectively.
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Figure 2. XPS spectra for the (a) survey scan and (b) N 1s region of the NCAs.
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Figure 3. (a) Cyclic voltammetry and (b) Galvanostatic charge—discharge curves of MF, MC, and NCAs in 6 M KOH. (c) The variations of specific
capacitances with current densities for MF, MC, and NCAs. (d) The cycling stability testing of NCAs in 6 M KOH at current density of 5 A g™'.

NCAs is 1626 m* ¢! (which is higher than that of MF, MC,
and other carbon-based aerogels, as shown in Figure S2 and
Table S1 in the Supporting Information), and the total pore
volume calculated based on the BJH model is 1.69 cm® g~".
Primary pores with a diameter of 6.4 nm and complementary
interconnected smaller pores (<3.5 nm) are also observed from
the pore size distribution curve (Figure 1h inset), which is in
good agreement with the TEM and N, sorption data.

The element chemical status of NCAs is investigated by X-
ray photoelectron spectroscopy (XPS), as demonstrated in
Figure 2. The survey spectrum of NCAs shows a primary
graphitic C 1s peak at 285 eV and a pronounced N 1s peak at
402 eV (Figure 2a), along with an O 1s peak at 532 eV (Figure
2a), which verifies the doping of N atoms within CAs (2.0% N/
C atomic ratio). The high-resolution N 1s spectrum (Figure
2b) of NCAs reveals the presence of pyridinic (398.2 eV),
pyrrolic (399.5 eV), and quaternary (401.1 eV) nitrogen, all of
which have been proven to be active in the oxygen reduction
reaction (ORR) and supercapacitors.”” '

One of the most important applications of NCAs is as
supercapacitor electrode materials for electrochemical energy
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storage. As shown in Figures 3a and S3 in the Supporting
Information, the cyclic voltammetry (CV) curves of NCAs
show a boxlike shape, evidently indicating the coexistence of an
electric double-layer capacitance (EDLC) and pseudoca{)aci—
tance due to redox reaction of pseudocapacitive N atoms. ' In
addition, the NCAs display higher current densities than MF
and MC, representing higher capacitance.'’ These results
clearly demonstrate the enhanced effect of N-doping and a 3D
interconnected porous mesostructure. The 3D open inter-
connected porous frameworks increase the accessible surface
area of the electrochemically active N atoms for charge transfer
and reduce the ion diffusion length; the high surface area with
macropores and large mesopores can also enhance the charge
storage, rendering NCAs the highest capacitance. The
galvanostatic discharge time for NCAs is significantly greater
in comparison to that of the other two samples (Figures 3b and
S4 in the Supporting Information). This data undoubtedly
suggests that NCAs offer the largest charge capacity, which is
consistent with the CV results (Figures 3a and S3 in the
Supporting Information). Remarkably, the specific capacitance
values versus the current densities as summarized in Figure 3c

DOI: 10.1021/acsami.5b01660
ACS Appl. Mater. Interfaces 2015, 7, 12760—12766


http://dx.doi.org/10.1021/acsami.5b01660

ACS Applied Materials & Interfaces

Research Article

04b
mC
o A
N
5 2 MF
£
5 NCAs
PtiC
4
.08 06 -04 02 00
E/ V vs. Ag/AgCI
0.48
d
o~ 0.42]
£
(%]
7, 0361
£ =04V
= 0.30- 05V
[ —A—-06V
—y—-07V
0.244 —--08V
0.02 0.03 0.04
0112 rpm-112
of
o~
g
£
(3]
< o]
< 2
'%
-3
—
A — 10000

0.6
a NCAs
o 03]
5 0.0,
<
E 53]
5
-0.6 _N'z
_02
08 06 04 -02 00 02
E/ V vs. Ag/AgCI
c
04 NCAs
o~
=
3]
< 2
£ —600
S 34 ——900
—1200
— 1600
44 — 2000
08 -06 -04 -02 00
Ef V vs. AgfAgCI
04
e
14
o~
L 2]
[¥]
< -34
£
5 -4 —NCAs
——NCAs + methanol
-5+ —PtiC
6 - Pt/C + methanol
08 -06 -04 .02 00

E/V vs. Ag/AgCI

06 04 -02 0.0

E/ V vs. Ag/AgCI

.0.8

Figure 4. (a) Cyclic voltammetry curves of NCAs in O,- or N,-saturated electrolyte (0.1 M KOH) at scan rate of 10 mV s™". (b) Linear sweep
voltammograms of different samples at 1600 rpm. (c) NCAs at a scan rate of 10 mV s™' and different rotating speeds. (d) Koutecky—Levich plots of
NCAs. (e) Linear sweep voltammograms of NCAs and Pt/C in O,-saturated or 10 v/v % methanol 0.1 M KOH. (f) NCAs before and after 10 000

cycles at a scan rate of 200 mV s~

indicate the improved capacitance and enhanced rate capability
of NCAs compared to those of MC, MF, and other related
materials (Table S2 in the Supporting Information). The
highest specific capacitance for NCAs is 354 F g™' at a current
density of 0.2 A g”". Even when the current density increases to
10 A ¢!, the specific capacitance of 160 F g~ still can be
retained. We propose that the low Coulombic efficiency of
NCAs at low current density is ascribed to the self-discharge
phenomenon,'® which is one of the drawbacks of super-
capacitors and usually observed in the publications."* When the
current density increases from 2 to 10 A g~', the specific
capacitance of NCAs only drops approximately 5.8% (from 170
to 160 F ¢g'), implying good conductivity and rate perform-
ance. Furthermore, the NCAs show excellent cycling stability,
retaining approximately 85% of the initial specific capacitance
even after 10 000 cycles at a current density of 5 A g~'. The
excellent capacitance properties are also confirmed by the
electrochemical impedance spectroscopy (EIS) characterization
(Figure SS in the Supporting Information).

Furthermore, the NCAs can also be used as metal-free
electrocatalysts for the oxygen reduction reaction, a critical but
sluggish reaction happening on the cathode to derive fuel cells
and metal—air batteries’ work.”®* "' Different from the
conventional 2D catalyst, NCAs provide unique 3D hierarchi-
cally porous frameworks with maximum access to the
electrochemically active sites and multidimensional electron
transport pathways. As shown in Figure 4a, a well-defined ORR
peak at —0.23 V versus Ag/AgCl is observed within the O,-
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saturated but not the N,-saturated 0.1 M KOH solution for
NCAs, in spite of the relatively high capacitive background of
porous carbon.”®7>' The peak potential for NCAs is also
comparable to that of other recently reported metal-free ORR
catalysts that were tested under similar conditions, such as N-
doped mesoporous graphene,® S-doped graphene,” and S-
and N-codoped mesoporous graphene (—0.24 V versus Ag/
AgCl),* indicating a similar ORR process. Different from the
results for the MC and MF, the linear-sweep voltammograms
(LSV) on a rotating disk electrode (RDE) for NCAs show a
one-step process, suggesting a four-electron pathway for ORR
as the case for the Pt/C catalyst (Figure 4b). Similar to that of
other N-containing carbon catalysts,”* > the onset potential of
NCAs is slightly lower than that of commercially available Pt—
C. However, their diffusion current density is notably
comparable to that of the Pt/C electrode at —0.8 V. LSV
curves at various rotation speeds and Koutecky—Levich (K—L)
plots with a good linear relationship for the NCAs are shown in
Figure 4 (c) and (d), respectively. The electron-transferred
number (n) per O, molecule determined from the K-L
equation is 3.47, 3.49, 3.51, 3.51, and 3.52 at potentials of —0.4,
—0.5, —0.6, —0.7, and —0.8 V versus Ag/AgCl, respectively,
indicating that the ORR proceeds via a nearly four-electron
pathway. The tolerance of NCAs to methanol crossover is
assessed with LSV in comparison to that of the commercial Pt/
C catalyst (Figure 4e). When 10 v/v % methanol is added into
the testing cell, no obvious change of the ORR current for
NCAs indicates a good tolerance to methanol, which is

DOI: 10.1021/acsami.5b01660
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consistent with the chronoamperometric test (Figure S6 in the
Supporting Information). While on Pt/C, the electro-oxidation
of methanol retards the ORR process, as indicated by the large
difference of the ORR current after adding the methanol. This
fact indicates that the as-prepared NCAs are a nice alternative
to a Pt/C cathode. Also, the accelerated durability tests were
employed to evaluate the electrochemical stability of NCAs.
After 10 000 continuous potential cycles, we noted a negative
shift of only 24 mV about the half-wave potential (E,/) of
NCAs (Figure 4f), which suggests the excellent durability and is
lower than that of the reported metal—N-C electrocatalysts (32
mV) under similar testing conditions.>*

B CONCLUSIONS

In summary, we have demonstrated a relatively green and facile
approach for the synthesis of N-doped carbon aerogels (NCAs)
through the multicomponent self-assembly of F127, phenol-
formaldehyde (PF) resol, and tetraethyl orthosilicate (TEOS)
on the surface of commercial melamine sponge (CMS),
wherein the CMS is used as a green N precursor and 3D
substrate for self-assembly. The resulting N-doped carbon
aerogels (NCAs) show low density (0.01 g cm™), large open
pores, and high surface area (1626 m* g!). On the basis of the
synergetic function of the 3D hierarchically porous frameworks
and N doping, the NCAs supercapacitor shows a high specific
capacitance of 354 F g™" at a current density of 0.2 A g, which
is superior to that of the typical nanocarbon-based electrodes.
Besides this, the NCAs exhibit excellent catalytic activity for the
oxygen reduction reaction and superior methanol tolerance as
well as robust durability. We believe that the NCAs also provide
an important platform for other multiple applications, such as
sensors and batteries.
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