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A B S T R A C T

Nanoscale architecturing of platinum group metal-free (PGM-free) electrocatalysts is expected to dramatically
improve the overall catalytic performance for oxygen reduction reaction (ORR). Desired structures and
morphologies for boosting active site density and enhancing mass and charge transfer are essential for devel-
oping next-generation PGM-free electrocatalysts. Herein, we report the design of a M-N-C type catalyst con-
sisting of 3-dimensional graphitic meso-porous carbon spheres wrapped with 2-dimensional graphenized sheets.
This heterostructure comprises resultant large electroactive surface area, abundant pore channels, and tuned
chemical structures, which provide improved electrocatalytic performance. Meanwhile, these pore structures
can be regarded as nano-channel reactors to catalyze ORR with easily accessible active sites, effective mass
transfer, and smooth charge transfer. The obtained catalyst delivers a high maximum power density of
0.83 W cm−2 in a single H2–O2 fuel cell measurement, ranking it as one of the most promising PGM-free cat-
alysts in proton exchange membrane fuel cells (PEMFCs). Moreover, reasonable fuel cell stability was also ob-
served through accelerated degradation testing. This work provides a new avenue for PGM-free catalysts design
that can be a step towards practical commercial of PEMFCs.

1. Introduction

Proton exchange membrane fuel cells (PEMFC) are considered one
of the most promising energy conversion technologies due to their
technical benefits and environmental-friendliness [1,2]. In order to
reach performance levels which can compete with traditional internal
combustion technologies, the inherently sluggish oxygen reduction re-
action (ORR) at the cathode must be overcome by using electrocatalysts
[3]. Platinum-based electrocatalysts are currently the main ORR cata-
lysts, suffering from the drawbacks of prohibitive cost and monopolized
supply factors [4–8]. Therefore, development of economically viable
platinum group metal-free (PGM-free) catalysts with high activity and
durability toward the ORR is of importance and will perpetuate com-
mercialization efforts for PEMFCs [9,10].

Carbon materials doped with transition metals (such as Fe, Co) and
nitrogen (M-N-C) are currently representing the most promising can-
didates to substitute Pt-based ORR catalysts in PEMFCs [11–13]. In this
regard, by the careful selection of suitable metal and nitrogen pre-
cursors, catalyst supports, as well as optimization of the synthetic

conditions, a portfolio of highly attractive materials have been devel-
oped for PEMFCs [14–18]. Recently, exploration of innovative synthesis
strategies for tuning the catalyst structures and morphologies that offer
improved ORR activity and durability for hydrogen powered PEMFCs,
has become the key approach [19–21]. For desirable M-N-C catalysts,
abundant micro-pores are important for hosting active sites and ob-
taining high catalytic activity [22], whereas sufficient meso- or macro-
pores are also needed to ensure the effective mass transfer of both re-
actant (O2) and product (H2O) throughout the entirety of the thick
cathode catalyst layer [23,24]. In addition, a highly conductive gra-
phitic carbon phase is also viewed as an essential factor to facilitate
charge transfer of the electrons, therefore reducing the cell resistance
and improving fuel cell performance [25]. These multifaceted re-
quirements for catalyst morphologies and structures are crucial for
designing and synthesizing the next-generation PGM-free catalysts with
performance approaching commercial Pt/C catalyst.

In this work, we present a rationally designed strategy towards this
goal, and demonstrate a 2-dimensional (2D) graphene-like sheets and 3-
dimensional (3D) porous carbon spheres hybrid composite catalyst with
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improved fuel cell performance. This architecture is achieved by in-situ
polymerization of polyaniline (PANI) on graphitic meso-porous carbon
spheres (MCSs). The process is then followed by a post-treatment that in
the presence of Fe, leads to a nitrogen doped mixture of 2D graphene-
like sheets and 3D porous carbon spheres. Interestingly, the 2D/3D
hybrid architectures could efficiently facilitate mass transfer due to the
high content of both meso- and macro-pores. Moreover, the composite
is predominantly micro-porous, hosting uniformly and densely dis-
persed ORR active sites throughout the graphene sheets and also within
the carbon spheres. In addition, the graphitic character of this frame-
work could contribute to fast electron transfer and high carbon corro-
sion resistance of the catalyst. More importantly, these pore structures
are thought to act as nano-channel reactors, in which uninhibited ac-
cess to ORR active sites for oxygen molecules and electrons is fa-
cilitated, imparting excellent electrocatalytic performance.

2. Experimental section

2.1. Preparation of MCS

MCSs were prepared by an aerosol assisted spray drying technique
(Fig. S1). Typically, sucrose (6 g), nickel nitrate hexahydrate (5 g), HCl
(3 g, 0.5 M) and silicate template (14 g, AS-40, LUDOX) were sequen-
tially added to deionized water (30 mL) under rigorous stirring. The
obtained aqueous solutions were then carried by purged nitrogen gas
and went through an atomizer to form aerosol droplets, which were
later sent to the drying zone (400 °C). After that, spherical particles
containing silica/sucrose/nickel were collected on a membrane filter
paper and then peeled off and carbonized at 900 °C in argon for 5 h.
Finally，HCl (2 M) and HF (10 wt%) solution was used in sequence to
remove the nickel and silica, respectively. Non-porous carbon spheres
(NCSs) were prepared by the similar method but without adding silicate
templates.

2.2. Synthesis of PANI-Fe-MCS

Aniline (3 mL), FeCl3 (5 g), ammonium persulfate (2.5 g), MCS
(400 mg) were consecutively added to HCl solution (250 mL, 0.5 M).
After constant mixing for 24 h, the suspension was heated at 80 °C to
dry it. The collected solid materials were then calcined at 900 °C in
argon for 1 h. The pyrolyzed materials were then washed with H2SO4

(0.5 M) at 80 °C for 10 h and finally, they were calcined again at 900 °C
in argon and ammonia gas for 1 h and 30 min, respectively. PANI-Fe-
NCS was synthesized by the similar approach but using NCSs as carbon
support. PANI-Fe was synthesized in the absence of carbon support.

2.3. Characterization

Surface morphologies of samples were investigated using scanning
electron microscopy (SEM, LEO FESEM 1530) and transmission elec-
tron microscopy (TEM, JEOL 2010F). X-ray diffraction (XRD) mea-
surements were recorded with Bunker AXS D8 Advance. Nitrogen
sorption isotherms were obtained by a Micromeritics ASAP 2020 ana-
lyzer at 77 K. XPS spectra were collected using a Thermal Scientific K-
Alpha XPS spectrometer. Raman spectroscopy was carried out on a
Bruker Senterra Raman Microscope operating with a wavelength of
532 nm.

2.4. Electrochemical measurements

ORR testing was conducted using Pine Electrochemical Station
(Model AFCBP-1) with a conventional three-electrode method to eval-
uate ORR activity. Ag/AgCl electrode (filled with 3.0 M KCl) and gra-
phitic electrode were used as reference and counter electrodes, re-
spectively. All potentials in this study were then converted to RHE scale
for better comparison (Fig. S2). A rotating disk electrode (RDE) with a

glassy carbon disk (5 mm diameter) served as the working electrode.
The catalyst ink was prepared by dispersion of the catalyst powder
(10 mg) with 1-Propanol (1 mL) in an ultrasonic bath for 2 h. Then
15 μL of the catalyst ink was pipetted onto the glass carbon surface and
dried thoroughly in air. After that 3 μL of 0.05 wt% Nafion solution was
dropped onto the catalyst layer, leading to a catalyst loading of ap-
proximately 0.6 mg cm−2. The ORR activities were measured in oxygen
saturated H2SO4 electrolyte (0.5 M) at room temperature by stair-case
method (potential step of 30 mV and wait-period of 30 s, 900 rpm).
Accelerated durability testing (ADT) was carried out by cycling the
electrode in nitrogen saturated electrolyte between 0.6 and 1.0 V vs.
RHE at 50 mV s−1 for 30,000 cycles. Pt/C electrode (TKK, 28.2% Pt)
with a Pt loading of 20 μg cm−2 was measured in 0.1 M HClO4 solution
as benchmark. Rotating ring-disk electrode (RRDE) measurements were
also performed to investigate the four-electron selectivity of catalysts
based on the following equations:
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in which, ID and IR are the disk and ring currents, respectively, and N is
the ring collection efficiency (N = 0.26). The ring potential was set to
1.2 V vs. RHE throughout the whole RRDE measurements.

PANI-Fe-MCS catalyst was tested at the fuel cell cathode side to
evaluate its activity and durability under PEMFC operating conditions.
The dispersed ink containing PANI-Fe-MCS (40 mg), deionied water
(0.5 mL), iso-propanol (0.5 mL), and Nafion (5 wt%, 400 mg), was di-
rectly painted onto 5 cm−2 Nafion 211 membrane, and the obtained
catalyst loading was approximately 4 mg cm−2. Commercial Pt de-
posited carbon cloth (0.2 mg cm−2 Pt, Fuel Cell Etc) as gas diffusion
electrode (GDE) was used at the anode side. The anode GDE, Nafion
membrane with brushed catalysts and gas diffusion layer (GDL, 29 BC,
Ion Power) were then assembled together by hot-press at 120 °C for
5 min using 600 lbs loading to fabricate membrane electrode assemblies
(MEAs). Fuel cell performance was tested at 80 °C on Model 850e fuel
cell test system (Scribner Associates Inc.). H2 and O2 (air) flow rates
were 300 sccm and 400 sccm at 100% RH, and back pressure of 20 psi
gauge was applied. H2–O2 (air) fuel cell durability test was conducted
using an MEA fabricated with Nafion 115 ionomer membrane. The cell
voltage was held at 0.4 V for 50 h and the current was recorded. The
cell temperature was set to 80 °C; H2 and O2 (air) flow rates were
300 sccm and 400 sccm and at 100% RH; and the back pressure was
20 psi gauge on both sides. Before recording, H2 and O2 (air) were fed
for ca. 1 h to condition the MEA.

EIS experiments were carried out using a potentiostat/galvanostat,
Gamry Interface 5000. Measurements were conducted at a cell voltage
of 0.6 V, with amplitude of 5 mV, and in the frequency range of 0.01 Hz
to 100 kHz. The impedance data were obtained by calculation and si-
mulation with Gamry software.

3. Results and discussion

The overall process for the catalyst synthesis is illustrated in Fig. 1.
Here, an aerosol assisted spray technique was used to prepare MCSs at
first (Fig. S1) [26]. Silica sphere templates with an average diameter of
ca. 20 nm, along with nickel nitrate was employed to induce porosity
and enhance the graphitization degree of the carbon spheres, respec-
tively [27]. After that, PANI, which acts as the graphene and nitrogen
precursors was polymerized in the presence of iron chloride on the
outer surface of the MCSs followed by a thermal process at an elevated
temperature of 900 °C to get in-situ formed graphene-like sheets on
MCSs composite, denoted PANI-Fe-MCS. For the ease of comparison,
non-porous carbon sphere based catalyst (PANI-Fe-NCS) and support-
free catalyst (PANI-Fe) were also prepared to highlight the beneficial
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combination of graphene-like sheets and porous carbon for boosting
fuel cell performance.

The spherical morphology of the obtained carbon support is ob-
served through scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), displaying sphere sizes ranging from less
than 200 nm to greater than 1 µm (Fig. 2a, b). Magnified TEM imaging
reveals the highly mesoporous sponge-like sub-structure with an
average pore size of 20 nm in the carbon spheres (Fig. 2c). Further high-
resolution TEM (HR-TEM) images indicate the existence of large
amounts of graphitized carbon within the whole carbon sphere (red
arrows, Figs. 2d, S3), implying that the carbon spheres are partially
graphitized, which could improve electron conductivity for catalyst
[23]. Upon polymerization and post-treatments, a significant amount of
graphene-like sheet structures was natively grown (green arrows) and
surrounding the carbon spheres (yellow arrows), as shown in the SEM

and scanning transmission electron microscopy (STEM) images
(Figs. 2e, f and S4). It is obvious that the carbon sphere morphology is
successfully preserved after the post thermal treatment and act as a
spacer to prevent the graphene-like layers from self-stacking. This is
quite different from PANI-Fe catalyst in which graphene-like layers
stack into a thick nanoplate structures (Fig. S5). Moreover, the main-
tained carbon spheres can provide an abundance of porosity for the
transport of ORR reactants and products. This also shows distinction
with PANI-Fe-NCS catalyst where no meso-porous channels exist inside
of the spheres (Fig. S6). Besides, the close contact between the in-situ
graphene and the graphitic carbon spheres in PANI-Fe-MCS suggests a
smooth electron transfer among them. Meanwhile, the large and ex-
tended multi-layer sheets could serve as enormous electroactive surface
areas for catalysis. Notably, some nano-sized holes are readily observed
on the in-situ formed graphene frameworks (Fig. 2g), which probably

Fig. 1. Synthesis schematic of PANI-Fe-MCS catalyst.
a) Polymerization of aniline onto the surface of the
MCS in the presence of FeCl3. b) Subsequent pyr-
olysis and acid leaching post treatments.

Fig. 2. a–c) SEM (a), TEM (b), (c) and HR-TEM (d) images of MCSs. The red square designates the selected HR-TEM region. e–g) SEM (e), STEM (f), and HR-TEM (g) images of PANI-Fe-
MCS. The green arrows designate the layered graphene-like sheets, the yellow arrows designate the porous carbon spheres, the green circle designates the selected HR-TEM region. h–i)
Selected region 1 and 2 from (f) and corresponding (h) EELS spectra of C-K, N-K and Fe-L edge and (i) EELS mapping of carbon, nitrogen, iron, and overlaid iron, nitrogen, and carbon
map.
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originates from the holes by the removal of Fe species during the sul-
furic acid leaching step. These in-plane holes are favorable morphology
for mass transfer. Electron energy loss spectroscopy (EELS) analysis was
carried out to investigate the elemental composition and their local
distribution in the catalyst composite. Two representative areas, in-
cluding graphene sheets (region 1) and porous carbon (region 2) in
Fig. 2f, were selected for recording EELS spectrum-image. Fig. 2h dis-
plays the C-K, N-K and Fe-L spectra extracted from the marked regions
of Fig. 2f. The C-K edges exhibit a sharp peak at 285 eV corresponding
to the transitions from the 1s carbon electrons to the π* state, and a
peak at 291 eV attributed to the transitions to the p-orbital merging
with part of the σ*state [28]. These two characteristic π* and σ* bands
in the C-K spectra suggest a graphitic feature of this catalyst composite
[29]. As depicted in the N-K edge spectra, both the two regions show
distinct nitrogen signal at ca. 395–420 eV, fully illustrating the intrinsic
nitrogenous structures. Interestingly, though there are no bright Fe
nanoparticles at selected regions in the STEM image, the signals of Fe
species at ca. 707 eV were detected from the Fe-L spectra. Further, in
order to investigate the distribution of N and Fe elements in the cata-
lyst, the corresponding EELS mapping was carried out and shown in
Fig. 2i. The upper row images in Fig. 2i confirm that the nitrogen and
iron species along with carbon atoms are well dispersed throughout the
graphene-like structures, while the lower ones suggest the nitrogen and
iron elements may mainly reside in the outer layer of the carbon sphere.
Moreover, the overlay of carbon, nitrogen, and iron signals images
discloses that iron atoms are likely adjacent to nitrogen atoms at the
atomic level, suggesting they could potentially coordinate with each
other to form potential Fe-N moieties which are believed highly active
for ORR [30]. Such advanced 2D/3D mixed architectures, possessing
graphitic frameworks with multiple pores and appreciable amounts of
Fe-N moieties, is beneficial for boosting the ORR activity and fuel-cell
performance.

The nitrogen adsorption-desorption measurements were conducted
to analyze the Brunauer–Emmett–Teller (BET) surface areas and the
porous nature of the prepared catalysts. The MCS exhibits a type-IV
isotherm with adsorption hysteresis (Fig. S7a), indicative of the pre-
sence of meso-pores. The Barrett–Joyner–Halenda (BJH) model pore
size distribution shows an abundance of meso-pores centered at
ca.20 nm (Fig. S7b), which is highly consistent with the diameter of the
silica templates. Such abundant meso-pores contribute to the high BET
surface area of 1240 m2g−1 for MCS (Fig. S7c). While for PANI-Fe

(Fig. 3a), a typical type-I isotherm was observed, suggesting a micro-
porosity feature which is in line with the narrowly distributed pore sizes
centered at approximately 2 nm. This structure was further evidenced
by t-plot analysis that the microporous surface area (263 m2 g−1) is
predominant and occupies 86% of the total BET surface area
(307 m2 g−1, Fig. 3b). For PANI-Fe-MCS, both the isotherm and pore
size distribution plots are similar to PANI-Fe with minor variations
(Fig. 3a). However, the BET surface area (1295 m2 g−1), microporous
surface area (1091 m2 g−1) and external surface area (204 m2 g−1) are
dramatically increased in comparison with PANI-Fe (Fig. 3b). More-
over, though the total BET surface area of PANI-Fe-MCS is close to MCS,
the micro-pore and external surface areas are very different. Specifi-
cally, the external surface area drops from 1189 m2 g−1 in MCS to
204 m2 g−1 in PANI-Fe-MCS, whereas the micro-pore surface area
climbs to 1091 m2 g−1 in PANI-Fe-MCS from 51 m2 g−1 in MCS. Sev-
eral reasons could interpret this dramatical variation in pore structures.
First of all, it is because of the MCSs that act as spacers to prevent 2D
graphene-like sheets from self-stacking so that BET surface area of
PANI-Fe-MCS increases sharply. This function is also proved by the
PANI-Fe-NCS catalyst (663 m2 g−1, Fig. 3b), who has a higher BET
surface area than that of PANI-Fe (307 m2 g−1). Hence, the fully ex-
posed graphene-like sheets with dominant micro-pores could provide a
large electrocatalytic surface area for ORR. Second, after thermal acti-
vation, the MCSs are not collapsed and still maintain their original
meso-porous architecture in PANI-Fe-MCS, which could account for the
enhanced external surface area. This is further evidenced via higher
external surface area (204 m2 g−1) of PANI-Fe-MCS catalyst than that
of PANI-Fe-NCS catalyst (113 m2 g−1, Fig. 3b). Such a high external
surface area and large pore size of the PANI-Fe-MCS can promote the
transfer of reactant and product efficiently toward and away from the
catalytic sites within the bulk of the catalyst. Third, the drop of the
external surface area of PANI-Fe-MCS (204 m2 g−1) in comparison with
MCS (1189 m2 g−1) is likely because of the newly formed graphene
sheets that partially block the meso-pores in MCS. In a word, such
unique framework with dominant micro-pose and abundant meso/
macro-pores are favorable to improve the fuel cell performance.

Raman spectroscopic measurements were then employed to char-
acterize the physical properties of the prepared materials. As can be
seen in Fig. 3c, D (1350 cm−1) and G (1580 cm−1) peaks were observed
which respectively represent the distorted carbon frames and the hex-
agonally bonded carbon atoms inside the carbon networks [31]. The IG/

Fig. 3. a) Nitrogen adsorption–desorption isotherms and the corresponding BJH model pore size distribution, b) surface areas, c) Raman spectra and d) XRD spectra of MCS, PANI-Fe,
PANI-Fe-NCS and PANI-Fe-MCS. e, f) High resolution N 1s (e) and Fe 2p (f) peaks.
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ID band ratio of MCS is about 1.98, which clearly indicates its highly
graphitic character. While for the PANI-Fe catalyst, the band ratio of
0.96 is observed, due to the in-situ generation of Fe-N doped graphene-
like structures. As for PANI-Fe-MCS, the value goes up to 1.12, implying
more graphitic content than that of PANI-Fe. X-ray diffraction (XRD)
patterns of the samples were also collected to further assess their gra-
phitic character, as shown in Fig. 3d. Remarkably, MCS gives a sharp
peak at ca. 26.1° and the corresponding d space (002) is 0.341 nm,
which is the strongest evidence for the high-graphitic character of MCS.
Meanwhile, PANI-Fe shows a relatively broad curve centered at ca.
24.8° with d space (002) of 0.358 nm, which is consistent with the
formation of heteroatom-doped graphenized carbon [32]. As for PANI-
Fe-MCS, a peak centered at ca. 25.4° with a d space (002) of 0.348 nm
was observed, due to the addition of graphitic MCS. The Raman and
XRD results, as well as the TEM results above adequately illustrate the
highly graphitic character of PANI-Fe-MCS, which could contribute
positively to the durability of the catalyst [33].

The successful preparation of Fe-N doped graphene on MCS com-
posite was further confirmed by X-ray photoelectron spectroscopy
(XPS). This structure is evidenced by the emerge of an N 1s nitrogen
signal centered at ∼ 400 eV and a Fe 2p signal located at ∼ 712 eV
(Fig. S8), representing a surface concentration of 4.53 at% and 0.39 at
%, respectively (Table S1). Fig. 3e provides a high-resolution XPS scan
of the N 1s signal deconvoluted into five minor peaks arising from
pyridinic-N (∼ 398 eV), Fe-N (∼ 399 eV), pyrrolic-N (∼ 400 eV),
graphitic-N (∼ 401 eV), and oxidized-N (∼ 403 eV) species (Table S2)
[34]. The specific nitrogen species responsible for inducing ORR ac-
tivity are still under debate, nevertheless, the Fe-N moieties may play a
pivotal role to benefit ORR activity [35]. Fig. 3f shows a high resolution
of Fe 2p spectra. A small peak at∼ 707 eV is present due to metallic Fe.
Peak centered at 709 eV could be ascribed to Fe coordinated with N
confirming identification of peak at 399 eV [36]. Three peaks due to
iron oxides between 710 and 713 eV are also accompanied by satellite
peaks. It is expected that the advanced nitrogen and iron species could
tune the electrochemical structures of the catalyst [37,38], imparting
higher ORR catalytic performance.

The steady-state ORR polarization curves for all of the catalysts in
oxygen-saturated 0.5 M H2SO4 electrolyte and at an electrode rotation
speed of 900 rpm were provided in Fig. 4a. For comparison, a com-
mercial Pt/C (28.2 wt% Pt, TKK) catalyst at a loading of 20 mgPt cm−2

was tested. It can be seen that all the carbon supported (PANI-Fe-MCS
and PANI-Fe-NCS) and unsupported (PANI-Fe) materials displayed si-
milar ORR onset potentials, implying that they have a similar ORR
mechanism. The half-wave potential (E1/2) for PANI-Fe-MCS is 0.80 V, a
ca. 19 and 26 mV improvement over those of PANI-Fe-NCS and PANI-
Fe, respectively, and close to the state-of-the-art Pt/C catalyst (TKK,
28.2 wt%) as can be seen in Fig. S9. Additionally, RRDE studies further
indicated the good ORR selectivity of PANI-Fe-MCS (Fig. 4b). Re-
markably, a low average H2O2 yield (< 1.0%) was delivered by PANI-
Fe-MCS over the potential ranges from 0.80 V to 0.20 V, when com-
pared to that of PANI-Fe-NCS (1.0–2.0%) and PANI-Fe (1.5–2.3%).
Consequently, the average electron transfer number of PANI-Fe-MCS
catalyst was calculated to be greater than 3.98 at the studied loadings
(0.6 mg cm−2), but that a complete analysis as a function of catalyst
thickness was not performed. Further, the electrochemical double-layer
capacitance (Cdl), which is believed to be positively proportional to the
electrochemical active surface area (ECSA), is determined by calcu-
lating the cyclic voltammetry (CV) curves in a non-Faradic potential
range (Fig. S10). As can be seen, the PANI-Fe-MCS (576.16 m2 g−1) has
a much larger ECSA value than that of PANI-Fe-NCS (409.33 m2 g−1)
and PANI-Fe (276.16 m2 g−1). The superior ECSA could be likely a
reason for the improved ORR performance.

The high ORR activity of PANI-Fe-MCS was further confirmed by
the PEMFC measurement. Fig. 4c illustrates the polarization and power
density curves of fuel cells assembled using PANI-Fe-MCS, PANI-Fe-NCS
or PANI-Fe as cathode catalysts. It is evident that all the three catalysts

exhibit similar current density in the high voltage region (kinetic lim-
ited region), whereas PANI-Fe-MCS delivered the highest performance
in the low voltage region (transport limited region). Specifically, the
PANI-Fe-MCS and PANI-Fe-NCS exhibit similar kinetic current densities
of 0.29 and 0.27 A cm−2 at 0.8 V (iR-corrected), respectively, which are
slightly higher than that of 0.18 A cm−2 for PANI-Fe (Fig. S11).
Meanwhile, the maximum power densities (Pmax) of the cell with PANI-
Fe-MCS achieves a high value of 0.83 W cm−2 at 0.40 V (non-iR cor-
rected), significantly superior to that of 0.72 W cm−2 at 0.43 V and
0.29 W cm−2 at 0.41 V for PANI-Fe-NCS and PANI-Fe, respectively
(Fig. 4c). Due to the similar elemental compositions of the PANI-Fe,
PANI-Fe-NCS and PANI-Fe-MCS from the XPS results (Table S1), it is
suggested that the improved performance of PANI-Fe-MCS seems not
related to the N and Fe species but links to its increased surface area
originates from its abundant porous structures (Fig. 3b). The superior
Pmax of PANI-Fe-MCS further indicates its more efficient mass transfer
property than that of PANI-Fe-NCS and PANI-Fe as evidenced in Fig.
S11. Such a high output power density is able to reach approximately
60% of the Pmax (1.4 W cm−2) of Pt cathode (0.2 mgpt cm−2) tested
under the same conditions (Fig. S12), representing one of the highest
values in field of PGM-free catalysts research (Table S3). In addition, we
tested the catalyst while purging air in the cathode as an oxidant to
fully disclose the catalysts’ performance (Fig. S13). Furthermore, elec-
trochemical impedance spectroscopy (EIS) was carried out to evaluate
the effect of catalyst properties on fuel cell performance. The Nyquist
plots of a voltage of 0.6 V are shown in Fig. 4d, from which one arc can
be observed for both types of cells, as the electrode process is domi-
nated by the interfacial kinetics of the ORR process. The high-frequency
intercept on the real axis represents the total ohmic resistance of the
single cell (Rohm). The diameter of the arc is a measure of the charge
transfer resistance (Rct) of the ORR [39]. A Randles model will be
sufficient to simulate this behavior, as shown in Fig. S14 [40]. Through
simulation with Gamry software, the Rohm and Rct of the membrane
electrode assemblies (MEAs) can be calculated, as listed in Table S4. It
is obvious that there is no dramatic difference in Rohm for the MEAs
with PANI-Fe (0.16 Ω cm2), PANI-Fe-NCS (0.12 Ω cm2) and PANI-Fe-
MCS (0.11 Ω cm2), because these MEAs were fabricated by the same
technique and with the same membrane. From Fig. 4d and Table S4, it
is clear that the Rct of ∼ 0.14 Ω cm2 for the MEA with PANI-Fe-MCS is
much smaller than that of ∼ 0.22 and ∼ 0.92 Ω cm2 for PANI-Fe-NCS
and PANI-Fe at 0.6 V, respectively. The lower Rct value suggests that
PANI-Fe-MCS has more efficient electrochemical active catalyst layer,
which could be attributed to the easily accessible dense active sites in
both extend graphene-like sheets and porous carbon support, as this is
the main difference between these catalysts. These results are consistent
with their fuel cell behaviors displayed in Fig. 4c: the lower the charge
transfer resistance, the higher the single cell performance.

To investigate catalyst durability, accelerated degradation testing
(ADT) protocols with a potentiodynamic method were performed to
simulate the conditions of the practical cathode in a PEMFC system.
ADT was carried out by potential cycling between 0.6 and 1.0 V vs.
reversible hydrogen electrode (RHE) under nitrogen saturated electro-
lyte at a scan rate of 50 mV s−1 (standard U.S. Department of Energy
recommended conditions for PGM-free cathode catalysts) [41]. Fig. 4e
clearly shows the minor variation of ORR polarization curves of PANI-
Fe-MCS after different numbers of potential cycles, where only 29 mV
shift in half-wave potential was observed after 30,000 potential cycles,
ranking it as one of the most durable PGM-free catalysts reported in an
acid electrolyte. Further, to verify the durability of the MEA cathode
made with PANI-Fe-MCS, a short-term durability test was conducted at
a constant cell voltage of 0.4 V (Figs. 4f, S15). As can be seen, it delivers
decent stability performance by showing only ca. 5% and ca. 23% loss
of the initial current over 50 h of operation in air and pure oxygen,
respectively (Table S5). The good electrochemical stability of PANI-Fe-
MCS for the ORR could be ascribed to the several following aspects.
Above all, the high degree of graphitization of catalyst, including in-situ
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formed graphene layer and graphitic carbon support, which could en-
hance the resistance of carbon corrosion and thus furthest avoid the loss
of active sites to the largest extent [25,42]. The good durability of
PANI-Fe-MCS may also be related to the open porous structures that
enhance the oxygen transfer and water removal from the catalyst sur-
face, which is extremely important for Pt-free cathode layers that ap-
proach 100 µm in thickness [43]. In addition, the small yield of H2O2

may moderate the possibility that it might attack on active sites thus
slow down the degradation of ORR activity [33,44]. These results have
shown both a promising activity and stability performance of PANI-Fe-
MCS composite as an ORR catalyst for PEMFC.

Finally, in order to elucidate the benefits of this 2D/3D hybrid ar-
chitectures for the improved fuel cell performance, a conceptual sche-
matic drawing of this composite catalyst at the fuel cell cathode is
shown in Fig. 4g. This concept is inferred from extensive physico-
chemical characterizations. First, the separated, but connected, layer/
sphere framework with plenty of voids is favorable for mass transfer.
Moreover, the carbon spheres may further offer effective mass transfer
through their highly porous channels. Second, this architecture also
provides a huge electrocatalytic surface area with large population of
Fe-N active sites. Third, the highly interconnected graphitic structure
conducts the electrons throughout the entire catalyst layer. Therefore,
these porous structures can be regarded as nano-channel reactors to
catalyze ORR, where easy access to densely active sites through

effective mass transfer is essential. On contrary, the non-porous spheres
in PANI-Fe-NCS provide less efficient mass transfer.

4. Conclusion

To summarize, a 2D graphene-like sheets and 3D graphitic meso-
porous carbon spheres framework with nano-channel reactors was
synthesized as ORR catalyst for PEMFC. It is the unique composite
structures and morphologies, where nano-channels reactors hosting
enormous active sites and effective mass and charge transfer, resulting
in an impressive ORR activity and durability in fuel cell performance.
This work, therefore, provides a fresh sight to explore promising PGM-
free catalysts, with favorable architecture for superior PEMFC perfor-
mance.
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