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In recent years, the oxygen reduction reaction (ORR) performance of N-doped carbon catalysts has made
great progress and is now comparable to that of commercial Pt/C. However, the rich porous features of Ndoped carbon catalysts give them a very low bulk density, which leads to problems in oxygen mass
transfer due to water ﬂooding when they are used as the cathode in fuel cells. Herein, a controllable
mesoporous surface of nitrogen-doped yolk-shelled carbon spheres (N-YS-CS) with an extremely regular
particle size was synthesized. The mesopores of the N-YS-CS effectively store the hydrophobic agent and
form robust hydrophobic tunnels within the close-packed N-YS-CS units, forming an excellent structure
for mass transfer at the cathode. This elaborately constructed hydrophobic cathode structure has a larger
triple-phase interface than traditional carbon paper in an electrolyte-penetration-type direct methanol
fuel cell (DMFC) with a polymer ﬁber membrane (PFM), and delivers a high power density (55 and
142 mW cm 2 at 25  C and 60  C, respectively) and discharge stability (a run time of over 210 h).
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Nearly 60 years have passed since N-doped carbon materials
were found to catalyze the oxygen reduction reaction [1]. Over the
years, many materials, such as N-doped graphene [2], N-doped
carbon nanotubes [3], and polymers prepared from aniline-based
substances [4] have been developed as ORR catalysts [5,6]. Many
of these are very low cost and exhibit excellent ORR catalytic performance, with some of these materials even exceeding the performance of platinum [7]. As a non-noble metal cathode catalyst, Ndoped carbon materials, if widely used, would play an important
role in reducing fuel cell costs and promoting the commercialization of fuel cells.
In particular, N-doped carbon spheres [8] are good ORR catalysts
and have become a hot research topic in recent years because of
their intrinsic electrical conductivity and good morphological
control. Various synthetic methods for N-doped carbon spheres
have been reported in the literature, such as the liquid
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impregnation method [9], the template method [10,11] and
chemical vapor deposition [12]. The ORR catalytic activity of Ndoped carbon materials is derived from the presence of pyridinelike nitrogen [13,14]. The amount of this catalytically active site
plays a crucial role in the catalytic activity of the material. Porous Ndoped carbon spheres have high speciﬁc surface areas and large
pore volumes, and, thus, this material contains many ORR catalytic
active sites and has great potential as a catalyst. This core-shell
material, with a mesoporous shell structure, provides controlled
pathways for mass transport and a substantial surface area on
which reactions can occur [7,8], rendering it attractive for fuel cells.
However, these materials also have signiﬁcant disadvantages.
For example, due to its high porosity, it is difﬁcult for this type of
carbon material to achieve a high bulk density. To meet the actual
operational requirements of proton exchange membrane fuel cell
(PEMFC) vehicles, the energy density of the cathode material must
reach a very high value [15]. At present, no non-precious metal
material has met this requirement. Moreover, water ﬂooding and
ion exchange become more problematic as the thickness of the
cathode increases [16]. Currently, research into the construction of
cathode structures for fuel cells has focused on Pt, other precious
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metals or catalysts containing precious metals [17e20]. Few reports
have discussed the fabrication of an effective cathode structure for
a fuel cell using non-noble metal and N-doped carbon materials.
The construction of a robust oxygen mass transfer channel for the
ORR is necessary to achieve high-performance fuel cells [19]. To be
a potential replacement for commercial Pt catalysts, N-doped carbon materials must overcome this issue to facilitate their wide used
in commercialized fuel cells.
Herein, a soft-template method was used to synthesize N-doped
yolk-shell mesoporous carbon spheres with controlled
morphology. The morphological features show that the material
has microporous and mesoporous structures and a large speciﬁc
surface area. We then focused on the construction of a hydrophobic
cathode structure with mesopores, composed of N-doped yolkshelled carbon spheres, within order to overcome the poor conductivity and low mass transfer efﬁciency of traditional structures
composed of amorphous N-doped carbon materials. A cathode
structure with a synergistic combination of catalytic, electron
transport and hydrophobic properties was prepared. This cathode
structure was utilized in a direct methanol fuel cell with an electrolyte penetration polymer ﬁber membrane (PFM) to test its oxygen mass transfer performance and ability to resist water ﬂooding
and methanol crossover [21,22].
2. Experimental
2.1. Preparation of N-doped yolk-shelled carbon spheres (N-YS-CSs)
1000 ml of deionized water, 400 ml of ethanol, 1 ml of aqueous
ammonia and 20 g of cetyltrimethylammonium bromide (CTAB)
were combined in a ﬂask and magnetically stirred in a 70  C oil bath
until the CTAB was completely dissolved. Then, 5.5 g of resorcinol
was added and stirred until dissolved. Next, 7.4 ml of a 37 wt%
formaldehyde solution and 30 ml of ethyl orthosilicate (TEOS) were
added to the ﬂask and stirred at 70  C for 30 min, until the solution
became milky white. Finally, 3 g of melamine was added into the
ﬂask, which was then covered with paraﬁlm and heated in a 70  C
oil bath with magnetic stirring for 24 h. The solution was then
transferred to an autoclave and heated at 100  C for 24 h to allow
the hydrothermal reaction. The product was centrifuged three
times with ethanol and dried in an oven at 100  C. The dried
powder was heated to 800  C at a rate of 3  C min 1 in a N2 atmosphere for 3 h and then cooled at 3  C min 1. The resulting black
powder was stirred at room temperature for 24 h in a 2 mol L 1
NaOH solution and washed several times with deionized water to
obtain the nitrogen-doped yolk-shelled carbon spheres (N-YS-CS).
2.2. Preparation of the hydrophobic cathode structure with the NYS-CSs
50 wt% N-YS-CSs powder and different amounts of polytetraﬂuoroethylene (net weight from 15% to 100% wt) were mixed in
alcohol. After ultrasonically mixing for 0.5 h, the mixed slurry was
transferred to a 500 ml beaker. Then, the temperature was
increased to 150  C, accompanied by continuous stirring. The
alcohol was evaporated until the powder condensed into a sticky
semi-solid. The semi-solid was removed from the beaker, placed in
a roller press with a controlled thickness and pressed repeatedly
until the alcohol was completely evaporated. The shaped hydrophobic cathode structure was ﬁnally placed in a furnace at 340  C
for 1 h to produce its hydrophobic properties.
2.3. Preparation of the cathode electrode
Nickel foam and the hydrophobic cathode structure were cut

into 1 cm2 pieces, stacked, ﬂattened under 5 MPa of pressure, and
dried for further use. Then, 10 mg of the Fe/N/C catalyst, 8 mg of
acetylene black, 2 ml of ethanol, and 3 mg of PTFE were mixed and
ultrasonically dispersed in an ice bath. The resulting ink was poured
into a glass dish and heated using a lamp. When the mass of the ink
dropped to approximately 10%, the ink was scraped onto the electrode using a small spatula and ﬁnally dried at 80  C under vacuum.
3. Results and discussion
A schematic diagram for the preparation of the N-doped yolkshelled carbon spheres is shown in Fig. 1. The carbon spheres
were synthesized using a soft-template method using cetyltrimethylammonium bromide (CTAB) as a pore-forming template,
resorcinol-formaldehyde resin as a carbon source, melamine as a
nitrogen source, ethyl orthosilicate (TEOS) as a skeleton structure,
and ammonia as a catalyst. In alkaline solvent, the melanin resorcinol formaldehyde (MRF) precursors form negatively charged
emulsion droplets. The silicate oligomers (SO) hydrolyzed from
TEOS are also negatively charged, so the positively charged CTAB
units can be combined with MRF and SO via electrostatic interactions. With catalysis by ammonia, the MRF droplets and SO can
cross-link. Due to the different reaction rates of MRF polymerization and TEOS hydrolysis, a core essentially consisting of CTAB/MRF
and a shell consisting of SiO2/CTAB/MRF are gradually formed. After
high temperature carbonation, a hollow core-shell structure is
formed. The silica template is removed by a NaOH etching process,
yielding the N-YS-CSs.
Fig. 2a shows the images of the N-YS-CSs, obtained from ﬁeld
emission scanning electron microscopy. The N-YS-CSs present a
very uniform spherical morphology (approximately 500 nm in
diameter). A mesoscopic pore and typical core-shell structure
morphology is shown in the magniﬁed image in Fig. 2b and c, in
which there is a clear demarcation between the core and the outer
layer. The formation of such a structure is due to the variation in the
rate of TEOS hydrolysis and MRF polymerization throughout the
reaction. At the beginning of the reaction, the rate of hydrolysis is
slower than the rate of polymerization, so the core of the carbon
sphere forms. As the reaction continues, the rate of polymerization
slows and gradually matches the rate of hydrolysis, so the shell of
the sphere, consisting of MRF/CTAB/SiO2, forms. The EDS results
(Fig. 2fei) indicate that in addition to the obvious distribution of N,
C, and O, there is also a small amount of Si, which indicates the role
of silicate oligomers in the formation of this speciﬁc structure.
As one of the raw materials for the reaction, ammonia plays a
role in cross-linking the MRF droplets and SO, which directly affects
the formation of the porous features. Fig. 3 clearly shows the effect
of the amount of ammonia on the mesoscopic morphology of the
N-YS-CSs. As shown in Fig. 3a and e, when the ammonia content is
1 ml, a rough outline can be observed in the surface of the carbon
sphere. However, as the ammonia content gradually increases to
2 ml (Fig. 3b and f), 3 ml (Fig. 3c and g) and 5 ml (Fig. 3d and h) the
ridge-like skeleton surface is subdivided into an increasingly sophisticated surface and the pore structure of the material changes
(Fig. 3i). According to Fig. 3j, the size of the mesopores decreases
from a maximum of 40 nm to nearly 10 nm. The speciﬁc surface
area of the material is also much larger, increasing from the lowest
value of 456 m2 g 1 to the highest value of 859.6 m2 g-1 (Table S1).
The change in the mesoporous structure does not directly affect the
micropore distribution (inset of Fig. 3i), but a greater amount of
micropore adsorption can be observed. This is because this ridgelike structure is essentially a combination of polymer chains.
Ammonia can only adjust the morphology of the SiO2 in the TEOS
hydrolysis process, thus controlling the tightness of the arrangement of the polymer chains. Therefore, it is possible to effectively
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Fig. 1. Schematic diagram for the preparation of N-doped yolk-shelled carbon spheres, then etching with sodium hydroxide to form a porous structure [23].

Fig. 2. SEM (a, b and d) and TEM (c and e) images of the N-YS-CSs; Elemental distribution of the N-YS-CSs via Energy Dispersive Spectrometer (EDS) mapping: C (f), N (g), O (h) and
Si (i). (A colour version of this ﬁgure can be viewed online.)

regulate the mesoporous morphology of the N-YS-CSs by adjusting
the content of ammonia.
Fig. 4 shows some of the basic physical representations of this
material. From the X-ray diffraction (XRD) spectrum (Fig. 4d), there
are no other signiﬁcant peaks besides a broad peak at

approximately 24 , corresponding to the (002) peak of carbon. This
indicates that the N-YS-CSs mainly consist of amorphous carbon.
The high-resolution O 1s and Si 2p X-ray photoelectron spectra
(XPS) (Fig. 4b and c) of the material clearly demonstrate the presence of Si, as shown by EDS, in the form of SiO2. The N 1s spectrum
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Fig. 3. Effect of adding different amounts of ammonia on the pore morphology: 1 ml (a and e), 2 ml (b and f), 3 ml (c and g), and 5 ml (d and h). N2 adsorption/desorption isotherms
(j) and mesopore distributions (k) of the N-YS-CS catalysts with different amounts of ammonia. (A colour version of this ﬁgure can be viewed online.)

(Fig. 4a) can be ﬁt by two peaks at 400.7 eV and 398.8 eV, corresponding to pyrrole-like and pyridine-like nitrogen, which are
effective in ORR reactions [24e26]. The ORR activity of the N-YS-CSs
in alkaline electrolyte (1 M KOH) saturated with Ar or O2 was
measured in a typical three-electrode system (Fig. 4e). In the O2saturated 1 M KOH electrolyte, the cyclic voltammetry curve shows
a clear peak at approximately 0.1 V, which is absent in the curve
with the Ar-saturated electrolyte, implying that this material can
effectively catalyze the ORR reaction. The methanol tolerance and
long-term electrochemical stability of the catalyst are also key
considerations in its practical application in methanol fuel cells
[27].
In Fig. 4f, in a 1 M KOH and 0.5 M MeOH solution, a steady
current platform is obtained in the RDE test at a rotating speed of
1200 rpm. Moreover, chronopotentiometry at 0.1 V was implemented in this methanol-containing solution. After 5 h of constant
voltage discharge, the disk current density remained near
3.6 mA cm 2, which directly proves that the catalyst is inert to
methanol poisoning. The results suggest that the N-YS-CSs are able
to effectively perform the ORR reaction in methanol-containing
alkaline environments.

In conventional research, crossover is a serious problem that
must be resisted by increasing the thickness of the proton exchange
membrane (PEM). However, the increased thickness of the PEM
will increase the ohm loss. We solve this problem in a different way.
First, crossover is allowed. Fig. 5aec gives a clear demonstration of
this DMFC system, in which the methanol and the KOH solutions
are poured into a 10 ml tank, showing the composition of the
anode, the PFM and the cathode. The PFM is woven from polyethylene or polypropylene ﬁbers, with a gap between ﬁbers of
30e50 mm [28], which provides almost no ability to block the solution. It is used as the electrolyte-permeable membrane instead of
a PEM. In the situation where crossover is allowed, the cathodic
catalysts must be inert to all other ions and reactants except oxygen. It has been proven that the N-YS-CSs used in this work have
this property. The key question that remains is to focus on building
a cathode structure that balances hydrophobicity and gas transport
in the cathode, which is ﬁlled with the liquid electrolyte environment. We then take advantage of the N-YS-CSs, making use of their
highly mesoporous nature, which contributes to constructing a
large triple-phase interface with excellent mass transfer properties
as the hydrophobic cathode structure. A schematic diagram of the
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Fig. 4. XPS N 1s (a), O 1s (b) and Si 2p (c) core-level spectra of the N-YS-CSs. XRD spectrum of the N-YS-CSs (d). Cyclic voltammetry curves of the N-YS-CSs under different atmospheres (e). Rotating Disk Electrode (RDE) polarization curves and chronopotentiometry in O2-saturated 1 M KOH/0.5 M MeOH solution. Rotation speed: 1200 rpm. (A colour
version of this ﬁgure can be viewed online.)

three-in-one electrode is given in Fig. 5d and e. Fig. S1 also shows
an example of this type of N-YS-CS hydrophobic cathode structure.
After treatment with PTFE, the N-YS-CS hydrophobic cathode
structure exhibits good ﬂexibility and hydrophobicity (Fig. S1a and
b), which enables it to be an excellent hydrophobic cathode. Fig. S1c
shows the preparation process for the whole cathode. The nickel
foam and cathode layers were cut to a size of 1 cm2 and then
pressed together under 5 MPa of pressure. The whole structure can
be observed in the SEM images (Fig. S1d and e). We can clearly
observe the basic spherical unit and the morphology of the nickel
foam skeleton. Fig. S1 shows the line scan EDS spectrum of this

cathode. We can see that the content of F is approximately half of
the C content, which agrees well with the 50 wt% of PTFE added in
the speciﬁc hydrophobic structure.
By controlling the PTFE content, the hydrophobic properties of
the N-YS-CS cathode can be optimized in order to achieve better
power performance. Fig. S2 and Table S1 show the inﬂuence of
different amounts of PTFE on the pore structure of the N-YS-CS
cathode. When the PTFE content is increased from 15 wt% to 50 wt
%, the total speciﬁc surface area (SSA) of the cathode declines
signiﬁcantly. According to Table S1, the SSA decreases from
646 m2 g 1 to 234 m2 g 1, but the average BJH pore diameter of the
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Fig. 5. Schematic diagram of the DMFC with the PFM (aec) and the triple-phase interface of the N-YS-CS hydrophobic cathode structure in this system (dee). (A colour version of
this ﬁgure can be viewed online.)

N-YS-CSs only decreases from 10.04 to 9.41 nm. This result indicates that the PTFE can be effectively stored in the mesopores
without destroying the mesoporous structure of the material
(Fig. S3b). In contrast, after treatment with 50 wt% PTFE, carbon
paper is completely coated by a thick layer of PTFE (Fig. S3a). The
microporous surface, originally composed of carbon ﬁbers, becomes a rough macroporous interface. For the N-YS-CSs, this forms
robust hydrophobic tunnels within the close-packed N-YS-CS units
for the mass transfer of both the electrolyte and oxygen.
The PTFE-treated N-YS-CS cathode was then utilized to DMFC
tests with a PFM. In these tests, we compared the performance of
the 50 wt% PTFE-treated N-YS-CS hydrophobic cathode and a 50 wt
% PTFE-treated carbon paper cathode. Fig. 6a shows the currentvoltage and current-power density curves of the two cathodes.
Due to the use of the same catalyst, the open-circuit potentials of
the two batteries are near 0.9 V. When the current density was
increased from 0 to 20 mA, a 0.4 V voltage drop was observed. This
voltage drop arises from overcoming the activation energy of the
ORR and the methanol oxidation reaction (MOR) at room temperature [29]. Because some key technical obstacles still exist before
methanol can be used as an alternative clean energy to hydrogen,
one of the most important points is the sluggish kinetics of the
MOR [30]. At present, even with the best commercial catalysts (Pt/
Ru/C), the catalytic ability of the catalyst for methanol is still far
weaker than for hydrogen. As shown in the half-cell polarization
curves of the DMFC (Fig. 6b), the voltage drop for the MOR (anodic
polarization) from the open circuit potential to the working potential is almost 0.3 V, while the voltage drop for the ORR (cathodic
polarization) is only 0.1 V. This result explains why the DMFC has a
0.4 V voltage drop in the initial discharge process. Fig. S4a provides
a schematic representing the half-cell test of the fuel cell system.
Figs. S5 and S6 then show the inﬂuence of the electrolyte concentration and the temperature on the polarization curves of the anode
and the cathode, respectively. It can be seen that an increased

electrolyte concentration or increased temperature is more advantageous for the MOR than the ORR. On the other hand, we ﬁnd
that we can effectively inﬂuence the cathodic polarization by
controlling the PTFE content in the cathode structure, and 50 wt%
PTFE is the optimized value (Fig. S4b). The results indicate that, for a
direct methanol fuel cell, the anode is mainly faced with the
problem of insufﬁcient catalytic ability for the MOR, while the
cathode is faced with the problem of insufﬁcient mass transfer of
the gas and liquid at the triple-phase interface. Hence, controlling
the construction of the cathode triple-phase interface is especially
important.
After the initial activation polarization, both the anode and the
cathode entered a steady discharge stage (Fig. 6b). At this stage, we
could see that the polarization of the cathode plays a more dominant role in controlling the cell voltage drop. As the current continues to rise to approximately 150 mA cm 2, the cathode curve of
carbon paper intersects with the anode curve and the cell could no
longer discharge. However, the cell with the N-YS-CS structure was
able to discharge even when the current reached 350 mA cm 2.
These results suggest that the cathode ORR polarization curve is
controlled by mass transfer. Due to the effective optimization of the
cathode structure, a larger triple-phase interface and better mass
transfer were obtained in the N-YS-CS cathode. The different ORR
efﬁciency between the N-YS-CS cathode and the carbon paper
cathode e to a signiﬁcant difference in the power density. When the
battery temperature is increased from 25  C to 60  C (Fig. S7), the
maximum power density of the N-YS-CS structure increases from
56 mW cm 2 to 141 mW cm 2. In contrast, the power density of the
carbon paper structure increases from 41 mW cm 2 to only
78 mW cm 2. Comparing these results with previously published
results that refer to alkaline DMFCs, as summarized in the supplemental material in Table S1, DMFCs with the N-YS-CS cathode
structure have excellent performance regardless of whether pure
oxygen or air is used as the oxidant (see Fig. S8). This result shows
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Fig. 6. (a) Polarization and power density plots of the N-YS-CS cathode and carbon paper cathode at 25  C; (b) Half-cell polarization plots of the N-YS-CS cathode and carbon paper
cathode at 25  C; (c) Constant current discharge of the N-YS-CS cathode and carbon paper cathode when changing the state of the oxygen supply; (d) 50 mA cm 2 discharge of the
N-YS-CS cathode at 25  C. (A colour version of this ﬁgure can be viewed online.)

the potential promise of the N-YS-CS cathode in the ﬁeld of direct
methanol fuel cells.
We also observed the constant discharge performance of the
battery (Fig. 6c) at a current density of 50 mA cm 2, at which signiﬁcant mass transfer polarization does not occur. By switching the
state of the oxygen supply, we can easily determine the different
behavior of the cathode structure in pure oxygen and in air. After
the oxygen supply to the N-YS-CS structure is cut off, the battery
voltage drops from 0.38 V to 0.21 V and it is still able to discharge.
However, under the same conditions, the voltage of the carbon
paper structure rapidly drops to 0 V and it could no longer
discharge. This result illustrates the advantages of the complex and
robust hydrophobic channel created by the PTFE within the porous
N-YS-CS. After PTFE treatment (Fig. S3b) [31], the hydrophobic
mesoporous structure can maintain a certain resistance to prevent
the solution from submerging the cathode and cutting off the path
of oxygen supply. In a DMFC with a PFM, the anode solution is
allowed to penetrate through the PFM and directly contact the
cathode. In contrast to a DMFC with a PEM, a DMFC with a PFM does
not need the cathode to tightly make contact with the PFM, because
the liquid electrolyte provides an effective method for ion exchange, so the entire cathode acts as a three-phase interface for the
ORR. The rich porous hydrophobic N-YS-CS cathode prepared by
the close packing of the N-YS-CS units not only provides sufﬁcient

space to facilitate the supply of oxygen but also provides sufﬁcient
contact between the catalyst and the electrolyte solution. Even in
the absence of an oxygen supply, the cathode structure is still
capable of drawing enough oxygen from the air to perform the ORR.
In contrast, carbon paper only has a macroporous structure consisting of carbon ﬁbers coated on chunks of PTFE (Fig. S3a). In the
same fuel cell with a PFM, the anode solution will rapidly penetrate
through the macroporous cathode and isolate the passages through
which oxygen gas travels to the catalyst. Once the cathode is ﬂooded, the oxygen mass transfer of the cathode will be limited,
leading to a large polarization of the cathode, and the battery will
no longer discharge. Fig. S9 compares the electrochemical impedance spectrum of these two cathode structures, obviously at the
same cathode polarization voltage ( 0.2 V vs. Hg/HgO). The N-YSCS cathode shows much lower mass transfer impedance in the low
frequency region than the carbon paper structure. Furthermore, the
stability of the N-YS-CS cathode structure is also excellent. Fig. 6d
veriﬁes the long-term constant current discharge characteristics of
this N-YS-CS structure. At a current density of 50 mA cm 2, the
structure operated stably for over 210 h without signiﬁcant performance degradation. This result suggests that the N-YS-CS cathode structure can effectively deal with electrolyte penetration from
the membrane and dredge the water produced by the ORR process
[32]. This demonstrates the reliability of this cathode structure.
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4. Conclusion
In this work, we successfully prepared an excellent ﬂexible and
hydrophobic cathode structure for a direct methanol fuel cell with
an electrolyte-permeation PFM. This cathode structure is composed
of N-doped yolk-shelled carbon spheres with a controllable mesoporous surface and particle size. By controlling the PTFE content,
we optimized the hydrophobic properties and triple-phase interface area to achieve an extraordinary power output, beyond that of
a carbon paper structure, and good stability during long-term use.
This unique yolk-shelled mesoporous interfacial structure provides
the possibility of constructing an effective cathode triple-phase
interface with the synergistic combination of mass transfer, electron conduction and ion exchange, and realizes a new way to make
full use of inexpensive low bulk density N-doped carbon materials
for an ORR cathode electrode in the face of water ﬂooding or
methanol crossover.
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