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ABSTRACT: We report a general method for the fabrication of three-dimensional (3D)
macroporous graphene/conducting polymer modified electrode and nitrogen-doped
graphene modified electrode. This method involves three consecutive steps. First, the 3D
macroporous graphene (3D MG) electrode was fabricated electrochemically by reducing
graphene oxide dispersion on different conducting substrates and used hydrogen bubbles as
the dynamic template. The morphology and pore size of 3D MG could be governed by the
use of surfactants and the dynamics of bubble generation and departure. Second, 3D
macroporous graphene/polypyrrole (MGPPy) composites were constructed via directly
electropolymerizing pyrrole monomer onto the networks of 3D MG. Due to the benefit of
the good conductivity of 3D MG and pseudocapacitance of PPy, the composites manifest
outstanding area specific capacitance of 196 mF cm™ at a current density of 1 mA cm™> The
symmetric supercapacitor device assembled by the composite materials had a good capacity
property. Finally, the nitrogen-doped MGPPy (N-MGPPy or MGPPy-X) with 3D
macroporous nanostructure and well-regulated nitrogen doping was prepared via thermal
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treatment of the composites. The resultant N-MGPPy electrode was explored as a good electrocatalyst for the oxygen reduction
reaction (ORR) with the current density value of 5.56 mA cm™ (—0.132 V vs Ag/AgCl). Moreover, the fuel tolerance and
durability under the electrochemical environment of the N-MGPPy catalyst were found to be superior to the Pt/C catalyst.

KEYWORDS: hydrogen bubble template, elcctrochemical reduced graphene oxide, graphene modified electrode,
graphene/polypyrrole composites, nitrogen-doped, supercapacitors, oxygen reduction reaction

1. INTRODUCTION

Graphene is a single atom layer 2D sheet of sp® hexagonal
carbons with outstanding electrical and thermal properties,””
great mechanical strength,3 and large surface area.” In
particular, graphene, heteroatom-doped graphene, and gra-
phene-based composites have been widely studied as promising
electrode materials for supercapacitors, oxygen reduction
reaction, lithium-ion batteries, and electroanalysis.s_16 Large
electrode surface area, more active sites of reaction, and fast
electrolyte transport near the electrode surface of the graphene
are required for electrodes in each of the above electrochemical
applications, in order to obtain a high rate of electrochemical
reaction. Typically, graphene-modified electrodes were pre-
pared by drop-casting of the well dispersed graphene oxide or
reduced graphene oxide solution on an underlying support
electrode."” However, due to strong 7—7 interaction between
graphene sheets, they tend to stack with each other in a parallel
arrangement, forming graphite-like powders with compact
layered structures when processed into bulk electrode materials.
The aggregation of graphene will hinder the rapid electrolyte
diffusion and reduce the surface area of the electrode.'®
Graphene-modified electrodes prepared by drop-casting often
suffer from disadvantages of low electrical conductivity, small
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electrode surface area, and unstable mechanical property.
Moreover, electrochemically inactive polymer binders and/or
conductive additives are usually needed to combine these
graphite-like graphene powders into practical electrodes, which
not only complicates the electrode preparation process but also
introduces additional loss in the electrochemical performance.'’
Self-assembly of nanoscale graphene into monolithic macro-
scopic materials with three-dimensional (3D) porous networks
can largely translate the properties of individual graphene into
the resulting macrostructures and simplify the processing of
graphene materials.”~>* Considerable template-directed syn-
thesis methods are used to fabricate 3D graphene-based
structure, including hard-template and soft-template methods.
The hard-template process must remove the template such as
nickel foam, silica, or polystyrene which may destroy the
morphology and structure.”” " Compared with the hard-
template method, the soft-template method has unique
advantages,”** such as being simple and economic while
avoiding harsh experimental conditions, which can be realized
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by means of chemical and electrochemical methods.**™*°

Herein, we first develop a facile method to guide graphene
oxide assembling on different conducting substrates such as
metal foil, carbon paper, and ITO glass with the assistance of
the hydrogen bubble template. Subsequently, pyrrole monomer
is electropolymerized on the networks of 3D macroporous
graphene (MG), yielding graphene-based 3D macroporous
graphene/polypyrrole (MGPPy) composite materials. After
annealing at high temperature, the nitrogen-doped MGPPy (N-
MGPPy or MGPPy-X) was synthesized with 3D macroporous
nanostructure and a high percentage of nitrogen. Finally, the
application of the composite materials prepared with our
method was discussed. The obtained MGPPy and N-MGPPy
modified electrodes with three-dimensional (3D) macroporous
networks can be used for supercapacitors and catalysts for
oxygen reduction reaction.

2. EXPERIMENTAL SECTION

2.1. Materials. Lithium perchlorate (LiClO,, 98%), sodium
dodecylbenzenesulfonate (SDBS, 95%), and pyrrole were purchased
from Aladdin. Graphene oxide (GO) was prepared by oxidation of
natural graphite powder (325 mesh) according to a modified
Hummers’ method.”” (As shown in Figure S1, TEM and AFM results
demonstrated that single layer GO was prepared.) Commercial 20 wt
% Pt/C (HiSPECTM 3000) was from Johnson Matthey. Other
chemicals such as sulfuric acid (H,SO,, 98%), hydrochloric acid (HCI,
36%), potassium chloride, potassium hydroxide, and ethanol were
from Sinopharm Chemical Reagent Co. Ltd. (China). All the reagents
were of analytical grade and used as received. All solutions used in the
experiments were freshly prepared with ultrapure water having a
resistivity of 18.2 MQ cm™' (Nanjing Baocheng Biotechnology CO.
Ltd., China).

2.2. Preparation of 3D Macroporous Graphene (MG)
Materials. The 3D MG materials were prepared with a
chronoamperometry method in a GO (3 mg/mL) aqueous dispersion
consisting of 0.1 M LiClOy, 50 uM H,SO,, and SDBS at different
deposition times (s) (nMG, n is the time of de})osition) and different
potentials such as —0.8, —1.0, and —1.2 V.** A saturated calomel
electrode (SCE), Pt foil, and Au (1 X 1.5 cm?) foil were used as the
reference, counter, and working electrode, respectively. Finally, the
MG electrodes were washed repeatedly to remove the remaining
purities and immersed in ultrapure water to prevent the collapse of the
porous structure caused by drying in air.

2.3. Preparation of 3D Macroporous Graphene/Polypyrrole
(MGPPy) Materials. The composite materials were prepared by
electropolymerizing 0.1 M pyrrole, aqueous, containing 0.1 M SDBS at
the potential of +0.75 V for different times with 3D prepared-MG as
the working electrode. The amount of deposited PPy was controlled
by deposition time (s) (nMGmPPy, m is the time of deposition). The
as-prepared samples were washed repeatedly and immersed in
ultrapure water.

2.4. Preparation of 3D Nitrogen Doped Graphene/Poly-
pyrrole (N-MGPPy) Materials. 3D N-MGPPy electrodes were
prepared by simple heat treatment of the as-prepared MGPPy
composites in a nitrogen atmosphere at different heating temperatures
such as 600, 800, and 1000 °C for 2 h. Since the oxygen reduction
activity is strongly influenced by the heat treatment temperature, the
resultant samples were termed MGPPy-X (X is the annealing
temperature) for further studies of electrochemical oxygen reduction
reaction (ORR) activity.

2.5. Apparatus. The morphologies of electrode materials were
studied by using a field-emission scanning electron microscope (SEM,
JSM-7001F, JEOL, Japan) and a FEI TECNAI TF20 transmission
electron microscope (TEM, JEM-2010, JEOL, Japan). Energy
dispersive X-ray spectra (EDS) were taken on a field-emission
scanning electron microscope (SEM, JSM-7001F, JEOL, Japan).
Raman spectra were recorded on an Invia Raman spectrometer
(Renishaw) with a S14 nm laser. X-ray photoelectron spectroscopy

(XPS) was performed by a PHIS000 VersaProbe (Ulvac-Phi, Japan)
system with a monochromic Mg K radiation. X-ray diffraction (XRD)
was performed on a D8 (Advance, Bruker, Germany), and the data
were collected in the 26 range of 10—70° at a step size of 0.02°.
Brunauer—Emmett—Teller (BET) surface areas were investigated by
NobaWin (Quantachrom, USA). Thermogravimetric (TG) analysis
was performed on the SDT-Q600 thermal analyzer (TA Instruments,
USA) in an N, atmosphere at a heating rate of 20 °C min™" with
temperature ranging from 50 to 850 °C.

2.6. Electrochemical Tests. 2.6.1. Electrochemical Super-
capacitor Properties of MG and MGPPy. The electrochemical
performances of MG and MGPPy were tested by cyclic voltammetry
(CV), galvanostatic charge—discharge (GCD), and electrochemical
impedance spectra (EIS). All experiments were carried out in a three
electrode system with Pt foil as the counter electrode, a SCE as the
reference electrode, and MG or MGPPy as the working electrode. The
potential range for CV measurements and GCD tests were —0.8 to 0.2
V using a CHI 660C Potentiostat (CH Instruments, Inc.). The EIS
measurements were performed over the frequency range from 10° to
107" Hz at the amplitude of the sinusoidal voltage of 5 mV using
Princeton Applied Research. The cycle life tests were conducted by
GCD measurements with a constant current density of 1 mA cm ™ for
500 cycles. The specific capacitances of composite electrodes were
evaluated in area units (mF cm™2). The area specific capacitances (C,)
were calculated by using the equations C, = IAt/AAv, where I is the
constant discharge current, At is the discharge time, A is the area of
the Au foil for the electrodeposition, and Av is the voltage drop upon
discharging.

2.6.2. Fabrication of Symmetrical Supercapacitor Device. The
symmetrical supercapacitor was assembled using 120MGG600PPy
carbon paper electrode (1.5 cm?) and Au electrode with a separator
(NKK separator; Nippon Kodoshi Corporation, Kochi, Japan)
sandwiched between the two electrodes. A KCl (1 M) aqueous
solution was used as the electrolyte. To avoid leakage of the
electrolyte, the entire device was sealed by two pieces of PET
membranes with a small part of electrode kept outside. Figure S2
shows the schematic illustration of the asymmetric supercapacitor
configuration.

2.6.3. Electrochemical Oxygen Reduction Properties of MGPPy-X.
Electrochemical measurements were also conducted with a three
electrode electrochemical cell using a CHI700 electrochemical
workstation (CH Instruments, China) and rotating ring disk electrode
(RRDE-3A, Japan). Pt foil, Ag/AgCl, and glassy carbon electrode
(GCE) with a diameter of 3 mm were used as the counter electrode,
reference electrode, and working electrode. For electrode preparation,
MGPPy and MGPPy-X suspension in ethanol (2 mg/mL) were
prepared by adding the prepared sample to ethanol under sonication.
A 10 uL portion of the suspension was then dropped onto the surface
of a prepolished glassy carbon electrode (GCE), followed by dropping
S pL of nafion (0.05% in ethanol) as a binder. The activity of the
electrocatalyst was evaluated by the cyclic voltammetry and liner
sweep voltammetry techniques in an aqueous solution of 0.1 M KOH,
which was bubbled with O, or N, for 30 min and maintained with the
same atmosphere during the measurements.

3. RESULTS AND DISCUSSION

3.1. Microstructure and Morphology. The synthesis
approach of N-MGPPy is divided into 3 steps and illustrated in
Scheme 1. First, the macroporous reduced graphene oxide
electrode can be prepared by electrodepositing a 3 mg/mL GO
mixture, aqueous, on a conducting electrode (e.g, Au) at an
applied potential of —1.2 V for 120 s with hydrogen bubbles as
templates. As shown in Figure S3, MG deposited under a
potential of —1.2 V had better porous morphology than that
deposited under a potential of —1.0 V. Thus, the potential of
—1.2 V was chosen for electrodeposition of graphene oxide.
The XPS survey spectra shown in Figure S4 demonstrated that
graphene was largely reduced after electrodeposition. Then, the
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Scheme 1. Schematic Illustration of the Formation Process
of the 3D MG, MGPPy, and N-MGPPy
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as-prepared MG was conductive and highly accessible for
electrolyte and thus can be used as porous electrode into which
pyrrole can be electropolymerized and produced graphene-
based composite materials. The synergy effects make the
MGPPy composite materials exhibit a high area specific
capacitance, good capacitance retention, and excellent cycling
stability as supercapacitors. The obtained materials were further
pyrolyzed at a high temperature to form N-doped graphene
electrode, which has a highly porous interconnected network,
conductive multiplexed channels, and high pyrrolic nitrogen
content. Thermal gravimetric analysis (TGA) of MGPPy
composites was also studied in Figure S5. From 250 to 550
°C, MGPPy showed about 28% mass loss, possibly due to the
release of its functional groups such as —OH and —COOH. At
500 °C, MGPPry still kept about 40% weight residual, indicating
the graphitization of MGPPy. The N-MGPPy delivered a
promising electrochemical catalytic activity of oxygen reduction
reaction. SEM images of MG structure at different magnifica-
tions (Figure 1A,B) clearly show a macroporous structure
throughout the entire sample. The pore sizes were arranged
from 20 to 50 pm which agreed with the hydrogen bubble size
of Qu's work.”” As shown in the cross-section SEM images,

Figure 1. (A, B, C) Top-view scanning electron microscope images of
the 3D MG electrode with low and high magnifications. (D) Cross-
sectional scanning electron microscope image of the 3D MG electrode.

graphene plates formed the wall of the MG structure and were
nearly vertical to the surface of the Au electrode (Figures 1C,D
and S6). The thickness of the MG was about 14 pm.

Figure 2 shows the preparation process of these composite
materials. At the beginning of the electrodepostion process, H"

Figure 2. Scanning electron microscope images of the 3D MG
electrodes with different deposition times (A) 10s, (B) 30's, (C) 60 s,
and (D) 90 s.

and GO were both reduced at the electrode surface for the
negative potential. GO was reduced and formed the graphene
basal layer, while H" was reduced to hydrogen gas and formed
gas bubbles. SDBS and GO are surfactants, and they can also
stabilize gas bubbles on the working electrode surface.”’
Actually, we observed that a large amount of hydrogen gas
bubbles was released from the surface of the working electrode
during electrochemical deposition after 10 s (Figure 2A). These
hydrogen gas bubbles were used as the dynamic template®' for
the growth of MG. GO was reduced and stacked in the
interstitial spaces between the hydrogen bubbles and further
generated the walls of porous structure. When deposition time
was 90 s (Figure 2D), the thickness of MG increased to about
8.4 pum including the 400 nm basal graphene layer and 8.3 um
wall of the porous structure (Figure S6¢). In this work, SDBS
(anion surfactant) has also been used to stabilize the hydrogen
bubble in the dynamic template system, altering the surface
tension of the sol/gas and protecting the bubbles from
coalescence. With the increase of surfactant concentration,
the pore of the MG turned to become bigger and deeper
(Figure S7). When the concentration of surfactant was under
50 mM or exceeded 300 mM, the bubble was generated faster
and could not maintain the tension of sol/gas. Hydrogen
bubbles merged into larger ones and departed; thus, they can
not be the template for the formation of MG material. Since the
bubble size and formation were affected by the concentration of
surfactant, the pore size and morphology of the porous MG
were tuned by the concentration of SDBS. This phenomenon is
in full agreement with the results reported previously by other
researchers.”

The as-prepared MG was conductive and highly accessible
for the electrolyte; thus, it can be used as porous electrode into
which other materials can be deposited using the electro-
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chemical method, producing graphene-based composite
materials.” Here, the electrochemical polymerization of pyrrole
monomer on MG networks was conducted in an electrolyte
solution consisting of 0.1 M SDBS and 0.1 M pyrrole aqueous
at the potential of +0.75 V. SDBS was used as a surfactant for
dissolving the pyrrole monomer in the aqueous phase and also
as a supporting electrolyte for improving the conductivity of the
electrolyte solution.*” N-MGPPy was prepared by the
annealing treatment of the MGPPy composite. Figure 3A,B

Figure 3. Scanning electron microscope images of 3D (A) MGPPy
and (B) MGPPy-800 composite electrodes. EDS elemental mapping
analysis of MGPPy-800 (C) carbon and (D) nitrogen.

show the SEM images of MGPPy and MGPPy-800 composite
material. Comparing the SEM of MG, the structure of MGPPy
has no obvious change, the surface became rougher, and the
wall became thicker with the addition of PPy (Figure S8). The
pore diameters of MGPPy-800 became narrow due to the fact
that the obtained sheets became thinner and more carbonized
PPy on the surface of GO was decomposed in a high
temperature annealing process (Figure S9). BET showed MG,
MGPPy, and MGPPy-800 macroporous structure and the
specific surface of 101.52, 40.11, and 102.17 m* g~ (Figure
S$10), respectively. The introduction of PPy into the framework
of MG led to a decreased specific surface area. However, after
high temperature treatment, MGPPy-800 restored the initial
specific surface, which agreed with the SEM images (Figure

3B). As seen in Figure 3C,D, the N and C heteroatoms
distributed uniformly throughout the surfaces of MGPPy-800.
After heat treatment, the 3D porous structure was well
maintained, and the sheets of the MGPPy-800 featured
abundant crumpled wrinkles (Figure 3B).

Raman spectroscopy is one of the most useful methods to
determine the defects, ordered and disordered structures, and
the layers of graphene. As shown in Figure 4A, Raman spectra
of GO and MG had two representative bands at 1345 cm™ (D
band) and 1580 cm™ (G band) and the intensity ratios of D
and G bands (I/I;) for MG were calculated to be 1.73 which
was higher than 0.99 for GO. This result suggested the
reduction of GO to MG. For MGPPy composite, apart from
the typical D and G bands of MG, the other prominent peaks at
977, 1048, and 1248 cm™, which are the characteristic peaks of
PPy, suggested the successful deposition of PPy on the MG
networks.”* For MGPPy-800, the intensity ratio of the D to the
G peak (Ip/I;) larger than MG or MGPPy and the typical peak
of PPy disappeared. It suggested the structural disorder was
increased, which was ascribed to the doping of nitrogen into the
graphene sheets.”> Moreover, Figure S11 shows the Raman
spectroscopy of N-MGPPy at different temperatures. Figure 4B
showed the XRD patterns of MG, PPy, MGPPy, and MGPPy-
800. The spectrum of pure PPy depicted a broad peak in the
region of 26 = 15—25° which indicated that the polymer is
basically amorphous, and the diffraction peak of MG was 23°,
showing the electrochemical reduction of GO. Meanwhile, MG
is also amorphous as in the previous work.*® After electro-
deposition of PPy, the diffraction peak at about 26 = 20° in
MGPPy was the overlap of amorphous PPy and loosely packed
graphene sheets, and with the introduction of the nitrogen
species into graphene lattice via thermal annealing of the
resultant MGPPy to MGPPy-800, the pore diameters of these
samples became narrow with increasing pyrolysis temperature.

XPS spectra were performed to identify the composition and
nitrogen doping states of the obtained MGPPy and MGPPy-
800 samples. As shown in Figure SA, XPS analysis revealed the
presence of C 1s, N 1s, and O 1s in the above three materials.
Compared with the MGPPy, the peak intensity of MGPPy-800
of N and O was decreased, indicating that thermal annealing
decomposed PPy on the surface of MG. Figure SB shows the N
1s spectra of the MGPPy and MGPPy-800, where fitting lines
indicate the bonding states of the doped nitrogen in the two
composites. Generally, the doped nitrogen in MGPPy shows
three component peaks originating from —N=, N—H, and
—N* appearing at 398.3 + 0.1, 400.3 + 0.3, and 401.7 + 0.3 €V,
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Figure 4. Raman (A) and XRD (B) spectra of MG, MGPPy, and MGPPy-800.
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respectively.”” It might be due to the 7—7 stacked between the in four forms, i.e., pyridinic—N (28.52%), pyrrolic—N
PPy and MG layers, which is in accordance with the Raman (17.88%), graphitic—N (40.35%), and oxidized—N (13.24%)
results (Figure 4A). The doped nitrogen in MGPPy-800 existed with the corresponding binding energy (B.E.) peaks at 398.3 +
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by our devices with three in series.

03, 399.8 + 03, 401 + 03, and 4029 + 03 eV,
respectively. It indicated that eletrodeposition of pyrrole and
thermal annealing formed the MGPPy-800 composite, which
clearly supports the presence of carbonized PPy on the
graphene sheets prior to the annealing process. The MGPPy-
800 had 40.35% graphitic N, which was higher than MGPPy
because the N atoms in PPy can be easily converted to
graphitic—N with the high temperature, and the pyrrolic—N
percentage decreased while the pyridinic—N percentage
increased monotonically, indicating a transformation from
pyrrolic—N to pyridinic—N.*’ Raman spectroscopy further
confirmed the incorporation of nitrogen into the graphene
lattice.

3.2. Electrochemical Performance. 3.2.1. Supercapaci-
tor. Due to their high specific surface area, excellent electronic
conductivity, and the benefit of the redox reactions, the
resultant MGPPy modified electrode can be used as the
working electrode of the supercapacitor. Figure 6A illustrates
the CV of MG, PPy, and MGPPy composite electrode with a
voltage range from —0.8 to 0.2 V. MG (specific surface area of
101.523 m* g™') showed a rectangular CV curve, indicating
ideal capacitive behavior. PPy showed an obvious redox peak
curve as a result of the doping—dedoping process. In contrast,
the CVs of MGPPy exhibited much larger rectangular areas
than the CVs of the pure MG and PPy. This observation can be
explained as follows. First, the electrodeposition of PPy onto
MG greatly improved the specific capacitance of the composite
by forming a porous structure which has high specific surface
area (SSA). The Brunauer—Emmett—Teller specific surface
area test (BETSSA) showed that the SSA of MGPPy (40.1 m?
g™') was much higher than that of the pure PPy film (1.3 m*
g™1).* Second, the pseudocapacitance of PPy in the composite
film was enhanced by its highly conductive 3D graphene
network, which favors the redox reaction of the PPy
component. PPy in its neutral state is an insulator; thus, the
MGPPy electrode had a large internal resistance as it is fully
discharged. The MGPPy showed redox peak shape with a larger
area benefit of the synergy effect of MG and PPy. Figure 6B
shows the CV curves of MGPPy at various scan rates ranging
from 10 to S00 mV s™'. With the increased scan rate, the shape
of the curve gradually deviated from the original redox peaks. In
addition, the shift of the current peaks with the change in the
scan rate demonstrates that the diffusion or intercalation of ions
in the PPy film is a sluggish process. The ion in the electrolyte
can reach everywhere at a low scan rate, resulting in a redox
reaction that can occur at low scan rate. However, with the
increase of the scan rate, the redox reaction degree between the
electrolyte and PPy decreased; the ion cannot reach the surface
of PPy, resulting in deviation from the original peak shape. As
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Figure 6B illustrates, the shape of the CV curve remained
unchanged up to 500 mV s~', and the size of the CV became
bigger with the increase of scan rate, revealing great capacitance
and good ion response of the composite. To investigate the
charge capacity of the samples, a charge—discharge study was
also conducted. Figure 6C shows the charge—discharge curves
of different electrodes with a potential from —0.8 to 0.2 V. The
shape of MG was triangular, indicating pure EDL capacitance.
The PPy electrode exhibits a discharging curve consisting of
two voltage stages in the ranges of 0.2 to —0.5 V and —0.5 to
—0.8 V, implying the pseudocapacitance property. However,
the MGPPy showed longer discharge time than the other
materials because of the synergistic effect of the conductivity of
MG and the pseudocapacitance of PPy. The area specific
capacitance of MGPPy was measured to be 196 mF cm™,
which was calculated from the results of charge—discharge
curve for the current density of 1 mA cm™. Compared with
other porous electrode materials’ ~>* such as onion-like
carbon™ and electrochemically reduced graphene oxide
(ErGO)*® electrode, the MGPPy electrode greatly improved
the specific capacitance, which was attributed to the
pseudocapacitance of the PPy component. GCD curves of
the 120MG120PPy at different current densities are shown in
Figure 6D. The linear voltage—time profiles and the symmetric
charge—discharge characteristics indicated good capacitive
behavior with a rapid I-V response for our asymmetric devices.
The charge—discharge with different mass loading of PPy is
also shown in Figure S12a. Figure 6E displays the effect of
current density on the capacitance values. The MGPPy
maintained its 84% capacitance (196 to 165 mF cm™2) as the
discharge current density was increased from 1 to S mA cm™
Compared with polypyrrole/sulfonated graphene composite™
and the PPy/TiO,/PANI*® composite electrode, the MGPPy
electrode maintained relatively high specific capacitance at large
charge/discharge rate, which also confirmed the advantage of
the electrode structure. The reason was that the pore walls of
the MGPPy were nearly vertical to the surface of the current
collector, and thus, micropores in the electrode were exposed
to the ions in the electrolyte during the charge and discharge
process. Figure S12b shows the impedance spectra of 120MG,
120PPy, 120MGI120PPy, and 120MGG600PPy, respectively.
These images suggested good contact between the MG and
PPy, and the increased resistance was mainly attributed to the
low conductivity of PPy. Moreover, the 120MG600PPy
composite material exhibited an acceptable cycling stability
performance over the —0.8 to 0.2 V at a current density of 1
mA cm > (Figure 6F). The capacitance decreased slightly from
196 to 176 mF cm™? after 500 cycles.
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1600 rpm. (B) Chronoamperometric responses of MGPPy-800 and Pt/C electrodes with 3 M methanol added at 240 s with the rotation rate of
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A symmetric supercapacitor device was prepared by
assembling 120MG600PPy based on carbon paper as electrode
materials, and the SEM image was shown in Figure S13.
Meanwhile, we fabricated the device based on the
120MG600PPy of Au as substrate for comparison (Figure
S14). Considering the capacitive properties and economics,
carbon paper was chosen as the substrate for devices. The CV
of the device at different scan rates from 10 to 300 mV/s is
shown in Figure S15. The current intensity increased with the
scan rate, and the shape is well retained, indicating its ideal
pseudocapacitive nature. Figure 7A showas a GCD test
performed at different current densities in the potential window
of 0—1.0 V. The linear voltage versus time profiles, the
symmetrical charge—discharge characteristics, and a quick I-V
response represented good capacitive characteristics for the
device. To show the practical application, we assembled three
series. As shown in Figure 7B, the device can light the LED red
light, indicating high power and energy characteristic of the
device.

3.2.2. ORR. As for the catalyst, the novel hierarchical porous
structures of the N-doped graphene framework are promising
electrode materials which can provide edge-rich planes and
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large specific surface area with more active sites for ORR in
alkaline fuel cells.”’~>” We first examined the electrocatalytic
properties of MGPPy-800 in N,-saturated and O,-saturated 0.1
M KOH aqueous solution using cyclic voltammetry at a scan
rate of 50 mV s™'. In Figure 8A, featureless voltammetry
currents within the potential range of —1.0 to +0.2 V were
observed for MGPPy-800 in the N,-saturated solution; in
contrast, when the electrolyte was saturated with O,, an
obviously cathodic peak appeared at —0.132 V vs Ag/AgCl],
which suggests that MGPPy-800 exhibited electrocatalytic
activity for oxygen reduction. In addition, the annealing
temperature had a significant impact on the electrochemical
performance of N-MGPPy. Among these MGPPy-X, the onset
potential for the ORR of MGPPy-800 was more positive than
that of MGPPy-600 (—0.187 V) and MGPPy-1000 (—0.179 V)
(Figure S16), indicating their high catalytic activity. Sub-
sequently, to examine the reaction kinetics for the MGPPy-800
electrodes, linear sweep voltammograms (LSVs) were recorded
in an O,-saturated 0.1 M KOH electrolyte at a scan rate of 10
mV s~' by using a rotating disk electrode (RDE). The
corresponding Koutecky—Levich (K-L) plots were drafted from
the ORR polarization curves. Comparing their LSV curves,

DOI: 10.1021/acsami.5b07982
ACS Appl. Mater. Interfaces 2015, 7, 23731-23740


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07982/suppl_file/am5b07982_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07982/suppl_file/am5b07982_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07982/suppl_file/am5b07982_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07982/suppl_file/am5b07982_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b07982/suppl_file/am5b07982_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b07982

ACS Applied Materials & Interfaces

Research Article

MGPPy-800 showed a superior catalytic activity to samples
prepared at other pyrolysis temperatures in view of the onset
potential. It has been realized that pyrolysis changes the
nitrogen configuration in MGPPy-X, which plays an important
role as indicated by the recent report.”’ In fuel cells, a four-
electron transfer process of ORR is preferred (Figure S16). The
average transferred electron number of MGPPy-800 over the
potential range from —0.4 to —0.7 V has been calculated to be
increased from 3.21 to 4.06 with the potential on the basis of
the ring and disk currents from the RRDE curve.’"®*
Koutecky—Levich plots revealed good linearity between J™'
and ®? and approximately constant slopes over the
potentials from —0.4 to —0.9 V. Figures 8D and S17 reveal
that the electron transfer number varied strongly with the
measured potential. The electron transfer numbers (n) were
3.86 for MGPPy-800, 2.16 for MGPPy-600, and 2.25 for
MGPPy-1000 over the potential range of —0.6 V, which
indicated that the electrocatalytic process of MGPPy-800 was
carried out mainly via a four electron mechanism.

The MGPPy-800 was further subjected to methanol
crossover test and the stability for ORR. As shown in Figure
9A, a sharp decrease in the current was observed for the Pt/C
electrode upon addition of 3.0 M methanol. However, the
corresponding amperometric response for the MGPPy-800
remains almost unchanged. This result explicitly indicates that
the MGPPy-800 has higher fuel selectivity toward ORR than
the commercial Pt/C electrocatalyst. The stability of MGPPy-
800 and Pt/C in O,-saturated 0.1 M KOH was evaluated by
chronoamperomertry at —0.3 V with the electrode rotation rate
at 1600 rpm. After 8000 s, the commercial Pt/C catalysts
exhibited a loss of 15% of the catalytic activity (Figure 9B)
while the MGPPy-800 remained stable throughout the
experiment, with only 5.7% of the catalytic activity.

4. CONCLUSION

In summary, we have developed a hydrogen bubble template-
directed synthesis method for the fabrication of 3D macro-
porous graphene-based composite and N-doped graphene
modified electrodes. By this approach, hydrogen bubbles
arising from the reduction of H' function as the dynamic
template for graphene electrodeposition. Graphene is electro-
deposited in the interstitial spaces between the hydrogen
bubbles and forms a 3D macroporous structure on different
conducting substrates such as metal foil, carbon paper, and ITO
glass. MG has open interconnected macroporous walls and self-
supported structures, whose pore size and wall thickness of MG
electrode can be tuned by the concentration of surfactants,
electrodeposition time, and applied voltage. Meanwhile, we
deposited pyrrole monomer on the surface of 3D MG
networks, fabricating the MGPPy composite material with
good capacity property (196 mF cm™ of 120MGG600PPy at the
1 mA cm™?). The asymmetric supercapacitor device assembled
by the composite materials has good capacity property, which
offers the possible application for real life. After thermal
treatment of MGPPy, the obtained N-doped MGPPy electro-
des endow the catalyst with excellent catalytic performance
toward the ORR. The MGPPy-800 catalyst shows an onset
potential of —0.132 V and the highest current density value of
5.56 mA cm > which involves a four electron pathway.
Moreover, the fuel tolerance and durability under the
electrochemical environment of the catalyst is found to be
superior to the Pt/C catalyst. With the enhanced electro-
catalytic activity and durability, this modified electrode turns

out to be a potential cost-effective, metal-free electrocatalyst for
proton exchange membrane fuel cells (PEMFCs). Compared
with some other porous carbon or metal oxide electrode
materials, our 3D macroporous graphene composites show
advanced electrode properties for the use of supercapacitor
electrodes and metal-free electrocatalyst. The reasons are (i)
their high surface area and the high conductivity of the
graphene network; (ii) high mass transport rate owing to the
3D porous structure; (iii) direct electrode modification through
a binder-free procedure.
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