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The nitrogen-doped graphitic carbon layer was elaborately introduced to the Pt/C surface and Pt 

NPs can survive from the pyrolyzation. 
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A thin nitrogen-doped graphitic carbon layer is elaborately 
introduced to the Pt/C surface to not only inhibit migration 
and dissolution of Pt nanoparticles, but also impart activity to 
the integral catalyst without blocking the inner Pt catalytic 
active sites. Corrosion of carbon support also can be 
alleviated due to the outer graphitic coverage. 

Proton exchange membrane fuel cells (PEMFCs) have drawn 
significant attention as a novel alternative to traditional power 
sources due to their high energy conversion efficiency and low 
environmental impact.1 However, the sluggish kinetics of oxygen 
reduction reaction (ORR) on the cathode, on the one hand, demand 
high loading of active Pt-based catalysts, which unfavorably 
increases the cost of PEMFCs systems. 2 Considerable efforts have 
been dedicated to reducing Pt consumption by alloying Pt with 
transition metals as well as by exploring nonprecious metal catalyst 
concepts. 3On the other hand, the poor long-term stability of standard 
and advanced ORR electrocatalysts is remaining a major obstacle. 4 

To address the question of stability in a rational manner, the 
degradation mechanisms of the catalysts in the PEMFCs system 
need to be understood and considered for the design of new 
electrocatalyst materials. Degradation of the most commonly used 
ORR catalysts, Pt nanoparticles (NPs) on carbon supports, 
predominantly occurs under harsh potential fluctuations, particularly 
during start-up and shut-down (start-stop) cycles where the electrode 
potential can locally reach values up to 1.5 V. 5  At these high 
potentials, Pt dissolution, eventually followed by particle growth due 
to Ostwald ripening (i.e., dissolution of small Pt particles and 
redeposition of the Pt species from solution at larger particles), 
might occur. 6 Pt NPs can also easily migrate on the carbon supports 
due to the weak interactions with the carbon support and 
subsequently agglomerate. 7 Furthermore, corrosion of the carbon 
support accompanied with the detachment of Pt nanoparticles from 
the support can take place.8 Extensive research has been conducted 

to mitigate the above mentioned degradation modes. Decorating Pt 
NPs surface with molecules and tuning the chemical and physical 
properties of the carbon supports can suppress the migration and 
agglomeration of Pt NPs to some extent.9 However, these methods 
are not effective for the suppression of the growth of Pt NPs through 
Ostwald ripening. Although some methods have been developed to 
covering Pt NPs surface with polymer, carbon or silica layer and 
have resulted in excellent stabilities, 10 the ORR activity of these 
catalysts was only slightly improved and no reports have focused on 
inhibiting agglomeration and dissolution of Pt NPs by covering Pt 
surface with an active sites-containing layer to realize both superior 
durability and high activity. 
 

Herein, we designed a novel strategy to address both durability and 
activity issues via coating a nitrogen-doped graphitic carbon (NGC) 
layer onto the surface of Pt/C catalyst. The NGC, which is usually 
employed as an ameliorative carbon support or a promising Pt-free 
ORR catalyst, 11 is elaborately introduced to the Pt/C surface to not 
only restrain migration and dissolution of Pt NPs, but also act as the 
secondary active site supplier that imparting activity to the integral 
catalyst without blocking the inner Pt catalytic active sites. Serious 
corrosion of carbon support also can be alleviated due to the 
protection of the graphitic outer cover. This new nanoarchitecture, 
incorporating simultaneously above desirable design rationales, 
exhibits much improved durability and activity over commercial 
Pt/C for ORR. 
 
The overall synthetic strategy of NGC-trapped Pt/C is illustrated in 
Figure 1. Polyaniline (PANI) was employed as the NGC precursor 
and polymerized in situ on the surface of the Pt/C catalyst (denoted 
as Pt/C@PANI), followed by subjecting Pt/C@PANI to 
graphitization under an inert atmosphere at 900ºC to yield NGC shell. 
During the heat-treatment process, the Pt NPs tended to sinter either 
by coalescence of smaller particles (entire NPs move over the 
support surface and eventually collide and coalesce with other NPs)  
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Fig. 1 The synthetic strategy of Pt/C@NGC. TEM and Pt particle-distribution 
histograms of (a) Pt/C, (b) Pt/C directly subjected to the heat-treatment without 
PANI protection, (c) Pt/C@PANI, (d)Pt/C@NGC. The scale bar in all TEM 
images is 100nm.ⅰ -ⅲ represent occurrence of serious Ostwald ripening and 
interparticle coalescence during the heat-treatment process. Ⅰ-Ⅲ represent the 
critical role of PANI in stabilizing Pt NPs during the heat-treatment process. 
 
or by Ostwald ripening involving interparticle transport of mobile 
species (i.e., adatom), with larger particles growing at the expense of 
smaller particles, as illustrated in (ⅰ)-(ⅲ) in Fig.1.12 The thermally-
induced growth of NPs can result in a dramatic drop of activity due 
to the loss of active surface area, 13 which should be considered and 
solved in designing and synthesizing advanced catalysts. Fortunately, 
the NGC precursor, PANI, was ingeniously used to inhibit Pt NPs 
from serious sintering, thus guaranteeing the feasibility of the design 
concept of the Pt/C@NGC. At lower temperature, the coverage of 
PANI network was thick enough to trap Pt NPs and the mobile 
species detached from smaller particles efficiently. With the 
temperature increasing, the thickness of PANI became thinner due to 
the PANI decomposition and the mobility of Pt NPs and mobile 
species became flexible, as illustrated in (Ⅰ)-(Ⅲ) in Fig.1 (the 
decomposition temperature was determined by thermal gravimetric 
analysis as shown in Fig.S1). Despite the inevitable growth of Pt 
NPs, the critical role of PANI in stabilizing Pt NPs during the heat-
treatment process is still highlighted and directly confirmed by the 
representative transmission electron microscopy (TEM). As shown 
in Fig.1d, no obvious Pt conglomeration occurs and the average 
particle size of Pt/C@NGC increases only ~2nm (Fig.1b) when 
compared with the pristine Pt/C catalyst (Fig.1a). In sharp contrast, 
the average particle size of the Pt/C catalysts which was directly 
subjected to the heat-treatment without PANI protection increases 
from 2~3nm to 12~13 nm and the size distribution of Pt NPs 
becomes wider (Fig. 1b). 
 
Further morphology observation using high-resolution transmission 
electron microscopy (HRTEM) images clearly demonstrate the core-
shell structure of Pt/C@NGC catalyst before and after heat treatment.  
The HRTEM in Fig.2c reveals the lattice fringes with a distance of 
0.23 nm matching well with d spacing of (111) plane of face-
centered cubic (fcc) crystalline Pt, as well as the lattice fringes in 
outer part with a distance of 0.34 nm, corresponding to the graphitic 
carbon shell. The HRTEM analysis also discloses that the thickness 

of decoration layer for Pt/C@PANI and Pt/C@NGC shrinks from 
11nm to 3nm, suggesting that the substantial PANI decompose 
during heat-treatment as mentioned above.14 An extensive physical 
characterization was conducted to further reveal the transformation 
of the decoration layer. The fourier transform infrared (FT-IR) 
spectra analysis (the inset of Fig.2a ) reveal that benzene (1146 cm-1) 
and quinone-type (1497 cm-1) structures on the main PANI chain are 
lost after heat treatment, further confirming that PANI decomposed 
and new active sites were generated. The elemental surface 
composition information from X-ray photoelectron spectroscopy 
(XPS) further confirms the formation of NGC shell. Compared with 
pristine Pt/C catalyst, the XPS survey scan of Pt/C@NGC catalyst 
reveals the presence nitrogen (Fig.S2). Since the nitrogen doped into 
the carbon structure is likely to play a role inducing ORR activity of 
the PANI-derived catalysts, nitrogen functionality in Pt/C@NGC 
determined by N 1s XPS spectra was studied. As depicted in Fig.2d, 
the N1s spectra can be deconvoluted into four peaks, which are 
assigned to N oxide (402.2eV), graphitic N (401.4eV), pyrrolic N 
(400.1eV) and pyridinic N (398.8eV), with compositions of 10.6, 
30.4, 54.8 and 4.1at%, respectively. The binding energy for each 
type of N was selected according to the previous reports. 15 The 
deconvolution results clear indicate that the Pt/C@NGC catalyst 
shows a high ratio of pyrrolic N. 
 

 
Fig. 2 HRTEM images of (a) Pt/C@PANI, (b) (c) Pt/C@NGC; (d) N 1s XPS 
spectra of Pt/C@NGC.The inset in (a) shows a FT-IR spectrum for Pt/C@PANI 
and Pt/C@NGC. 
 
The effect of NGC shell on the electrochemical performance of the 
Pt/C@NGC catalyst is presented in Fig.3. Fig.3a shows the cyclic 
voltammetry (CV) curves for the different catalysts, which were 
recorded in an N2-saturated 0.1M HClO4 solution at a scan rate of 
50mV·s−1. Two peak couples are found in the potential range of 
0.05-0.4 V and 0.6-1.2 V in the CV for Pt/C. The former peak 
couples are assignable to the hydrogen adsorption and desorption on 
Pt metal, and the latter peaks are due to the oxidation and reduction 
of Pt. These peak couples due to Pt metal are also observed in the 
CV for Pt/C@NGC, implying that NGC would not block the 
transport of aqueous electrolyte to the inner Pt active sites. The 
electrochemical surface area (ECSA, see in ESI) based on the Pt 
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mass for Pt/C and Pt/C@NGC are estimated to be 74.7m2g−1 and 
46.2m2g−1, respectively.  
 

 
Fig. 3 (a) Cyclic voltammograms for Pt/C and Pt/C@NGC catalysts in N2-
saturated 0.1M HClO4 solution at room temperature with a sweep rate of 50mV/s. 
(b) Polarization curves for Pt/C and Pt/C@NGC catalysts at a rotating speed of 
1600rpm in an O2-saturated 0.1M HClO4 solution at 60 ºC with a sweep rate of 
10mV/s, Pt loading of all electrodes are 51μg/cm2. The inset in (b) is mass 
activities and specific activities at 0.9V for Pt/C and Pt/C@NGC catalysts. Cyclic 
voltammograms for (c) Pt/C and (e) Pt/C@NGC before and after 1500 cycles in 
N2-saturated 0.1M HClO4 solution at room temperature with a sweep rate of 
50mV/s. Polarization curves for (d) Pt/C and (f) Pt/C@NGC before and after 1500 
cycles at a rotating speed of 1600rpm in an O2-saturated 0.1M HClO4 solution at 
60 ºC with a sweep rate of 10mV/s. 
 
ORR measurements were performed in O2-saturated 0.1 M HClO4 
electrolyte using a rotating disk electrode (RDE) at a rotating rate of 
1600 rpm. The polarization curves for all catalysts are shown in 
Figure 3b. It can be seen that the half wave potential for Pt/C@NGC 
catalyst is 0.923V vs. reversible hydrogen electrode (RHE) which is 
32 mV higher than pure Pt/C catalyst, indicating the higher catalytic 
activity of Pt/C@NGC for ORR. The Tafel plots derived from the 
mass-transport correction of corresponding RDE data are provided to 
further evaluate the catalytic kinetics for ORR (Fig.S3b). The Tafel 
slope of the Pt/C@NGC is calculated as 16 mV per decade, lower 
than that of Pt/C (27mV per decade), suggesting its favorable 
reaction kinetics. Furthermore, specific activities of two catalysts are 
also calculated based on the kinetic current density obtained at 0.9V 
and 0.95 V. As shown in Fig.3b, the Pt/C@NGC catalyst exhibits a 
specific activity of 0.308mAcm-2 at 0.9 V, which is 2.5 times greater 
than that of Pt/C (0.123mAcm-2). After normalization to the loading 
amount of Pt metal, the mass activity of Pt/C@NGC catalyst is 
found to be 163mAmg-1

Pt, which is 1.7 times greater than that of 
Pt/C (92mAmg-1

Pt). At 0.95V, the specific activity and mass activity 
for Pt/C@NGC is 0.094mAcm-2 and 51.9mAmg-1

Pt, respectively 
(Fig.S3a). These values are 3.3 times and 2.5 times higher than those 
of Pt/C. The carbon supported NGC alone without Pt NPs (denoted 
as NGC/C) was also prepared and it exhibited certain ORR catalytic 

activity (Fig.S4). Despite the NGC contributes to supplying activity 
to the integral catalyst, the reason why Pt/C@NGC exhibits higher 
activity with larger Pt NPs needs to be explained. According to the 
observation reported by Arenz and co-workers, size effect on the 
ORR activity is indistinctively for Pt NPs with a diameter below 5 
nm16 (the NP size in Pt/C@NGC is 4.7nm) and in fact only relatively 
small differences in specific activity were observed between 
catalysts with particle sizes 5nm.1, 17 Thus, the much improved 
ORR catalytic activity can be attributed to the merits of unique 
designed nanoarchitecture featured with dual active sites. 
 

 
Fig. 4 TEM images of (a) fresh Pt/C catalyst, (b) Pt/C catalyst after 1,500 CV 
cycles, (c) fresh Pt/C@NGC catalyst, and (d) Pt/C@NGC catalyst after 1,500 CV 
cycles. 
  
The stability of the Pt/C@NGC catalyst was evaluated through 
accelerated durability tests (ADT), which were performed at room 
temperature in N2-saturated 0.1M HClO4 solution with the 
application of cyclic potential sweeps between 0.0 and 1.2 V vs.RHE 
at a scan rate of 50 mV·s-1. After 1500 cycles, the Pt/C@NGC 
catalyst shows 8% diminution in the Pt ECSA and only a 16mV 
degradation in half-wave potential (Fig.3e, f), whereas the loss of Pt 
ECSA is as high as 41% and the shift in the half-wave potential was 
61mv for Pt/C catalyst (Fig.3c, d). The morphologies of the NGC-
trapped Pt/C catalyst and un-trapped Pt/C catalyst before and after 
the CV cycling were examined by TEM (Fig.4). After ADT, Pt NPs 
in un-trapped Pt/C shows serious agglomeration and the number of 
Pt NPs remarkably decreases in vision due to the dissolution and 
detachment of Pt NPs. The size of Pt NPs in un-trapped Pt/C 
increased from 2~3 nm to 10~11 nm with a broad size distribution 
(Fig.4a, b). In contrast, there is essentially no perceptible change in 
the integral distribution and the size of the NPs in NGC-trapped Pt/C 
catalyst (Fig.4c, d). These results highlight the value of the NGC in 
stabilizing Pt NPs and protecting carbon support.  

Conclusions 
In summary, we have successfully designed and synthesized a novel 
Pt/C@NGC catalyst in which the Pt/C catalyst was trapped in 
nitrogen-doped graphitic carbon layers. The Pt NPs size in 
Pt/C@NGC catalyst are only 4.7nm even after 900ºC heat treatment, 
as compared to the 12.8nm for un-trapped Pt/C catalyst heated to the 
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same temperature, which was attributed to the confinement effect of 
PANI network. The as-constructed Pt/C@NGC catalyst exhibit 
evidently enhanced stability and activity toward ORR when 
compared with the un-trapped Pt/C catalyst, which definitely 
discloses the merits of elaborately designed nanoarchitecture 
featured with an integration of Pt/C and NGC. Apart from 
contributing to active site formation and allowing the reactants to 
access without blocking the inner Pt catalytically active sites, the 
NGC sheath can also prevent Pt NPs from aggregation and protect 
carbon support from directly exposure to the harsh working 
environment, consequently improving the structural integrity, 
chemical stability and the corrosion resistance of resulting catalyst in 
acidic and oxidative environments. The thickness of the NGC, which 
can be controlled by varying the content of PANI, deserves further 
study, as the ORR performance may be partly affected by the NGC 
thickness. The certified perfect construction of carbon-supported Pt 
core and N-containing graphitic carbon shell may offer a persuasive 
approach toward advanced functional nanomaterials for fuel cell. 
 
This work was financially supported by the China National 973 program 
(2012CB720300 and 2012CB215500), the NSFC of China (Grants 
21176327, 51272297 and 21276291). 
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