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Pt Alloy Nanoparticles Decorated on Large-Size Nitrogen-Doped 

Graphene Tubes for Highly Stable Oxygen-Reduction Catalysts  

Mengjie Chen,a,1 Sooyeon Hwang, b,1 Jiazhan Li,a Stavros Karakalos,c Kate Chen,a Yanghua He,a 

Shreya Mukherjee,a Dong Su,b,* and Gang Wua,*  

Pt alloy nanoparticles supported on Vulcan XC-72 (Pt/C) are the most effective catalysts for kinetically sluggish oxygen 

reduction reaction (ORR) in proton exchange membrane fuel cells. However, significant performance degradation has been 

observed with the Pt/C catalysts due to agglomeration and Ostwald ripening of Pt nanoparticles largely resulting from the 

corrosion of carbon supports. Here, we developed a catalyst of Pt alloy nanoparticles deposited on nitrogen/metal co-doped 

large-size graphene tubes (NGTs). The formation of PtM (M: Co and Ni) alloy during the subsequent annealing process 

contributes to the improvement of the catalytic activity. More importantly, the nanocomposite of PtM alloy and NGTs 

exhibits exceptionally enhanced stability. During the accelerated stress tests (AST), after 20,000 potential cycles (0.6-1.0 V 

vs. RHE), the retained electrochemical surface area (ECSA) of the PtM/NGT catalyst is more than 2 times larger than that of 

Pt/C catalyst. As for the AST tests for carbon corrosion, after 30,000 potential cycles (1.0-1.5 V vs. RHE) at room temperature, 

the NGT morphologies are well maintained and no ECSA loss of this PtM catalyst is observed, indicating excellent corrosion-

resistance. Even at harsher 60°C, the PtM/NGT catalyst exhibits only insignificant loss (6 mV) of E1/2 while the Pt/C catalyst 

shows significant degradation (47 mV loss in E1/2). The improved stability of PtM/NGT catalyst is attributed to the highly 

graphitized NGTs and possible synergistic effects between the NGT carbon support and the PtM alloy nanoparticles. 

 

Introduction 

In recent years, polymer electrolyte membrane fuel cells 

(PEMFCs) have been widely developed as power sources of the 

future for clean energy application, such as electric vehicles, 

consumer electronics, and stationary power.1, 2 The oxygen 

reduction reaction (ORR) is considered as a kinetic barrier for 

fuel cell operation. At present, Pt alloy supported on Vulcan XC-

72 remains the most effective catalyst to catalyze the sluggish 

ORR in both acidic and alkaline solution for such clean energy 

technologies.3, 4 However, the scarcity and prohibitively high 

price of Pt have been major hurdles which limit the large-scale 

application of this catalyst. Furthermore, Pt agglomeration can 

be induced by degradation of the electrochemical active surface 

area (ECSA) and oxidation of carbon support, which would 

deteriorate the performance of cathode.5-8 

    The formation of Pt-based alloy is one effective method to 

achieve enhanced activity and stability of Pt catalysts due to the 

strain and electronic effects.9 Compared to pure Pt cathode 

catalysts in PEMFCs, Pt-based alloys have exhibited better 

electrocatalytic activity and stability for the oxygen reduction 

reaction.10-12 By alloying Pt with 3d transition metals (Co, Ni, Cr, 

Fe, etc.), the formation of PtO2 will be suppressed and Pt-Pt 

interatomic distance will be decreased, resulting in less Pt 

dissolution and more favorable O2 adsorption.13, 14 Thus, 

superior durability and high mass activity for oxygen reduction 

reaction (ORR) could be obtained. Among these Pt-M alloy 

catalysts, the Pt-Co and Pt-Ni alloy catalysts have attracted 

much more attention because of their superior performance in 

acid media. It has been found that Pt-Co and Pt-Ni catalysts 

perform more favorable ORR kinetics than other Pt-M alloy 

catalysts.15-17 Mass activity (MA), specific activity (SA), and 

durability of Pt-Co and Pt-Ni alloy catalysts are also significantly 

improved than the commercial Pt/C cathode catalyst.16-18 

    Another effective strategy for enhancing catalytic properties 

focuses on the selection of a support. Many advanced carbon 

materials, such as carbon nanotubes19-21, graphene22, 23, and 

carbon nanofibers24, have been widely used as support to 

improve the distribution and utilization of Pt nanoparticles due 

to their high electric conductivity, unique structures, and high 

surface areas. Although these carbon materials can effectively 

disperse Pt nanoparticles and promote Pt utilization, they have 

poor corrosion resistance and little catalytic activity towards 

ORR. As a result, the activity and stability of these catalysts are 

still hard to meet the requirements for large-scale applications. 

Therefore, it is crucial to find a stable and active carbon 

material. Interestingly, the microstructure and electronic 
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transport of carbon materials can be modified by introducing 

heteroatoms.25 Previous works have exhibited significantly 

enhanced ORR activity of carbon materials by doping 

heteroatoms (e.g. N, P, S) and transition metals (e.g. Fe, Co) in 

aqueous electrolyte, while maintaining their intrinsic structure 

and robust morphology.25-29 In these cases, carbon materials 

not only play a role as ORR catalyst, but also as the support. Pt 

nanoparticles can successfully deposit on nitrogen-doped 

carbon materials and these catalysts showed enhanced activity 

and stability than Pt supported on pure carbon materials, 

indicating that the nitrogen-doping is important to enhance the 

performance of Pt cathode catalysts.30-32   

    Herein, we provide a new design strategy of highly active and 

stable ORR catalysts by innovatively integrating nitrogen/metal 

co-doped graphene tubes (NGTs) and Pt nanoparticles in a 

unique hybrid configuration. The NGTs, which are synthesized 

via a carbonization of dicyandiamide with transition metals (Co 

and Ni), have a highly graphitized structure with transition 

metal/nitrogen co-doping. Thus, the novel NGTs materials not 

only show excellent corrosion resistance but also generate a lot 

of additional ORR-active sites, thereby remarkably enhancing 

the ORR activity and durability of the Pt catalysts. Moreover, Pt 

could be integrated with the doped transition metals in the 

carbon matrix to form Pt-M (M is Co/Ni) alloy structure during 

the thermal conversion, resulting in lower O2 adsorption energy 

and less Pt oxidation. Additionally, the possible synergistic 

effect was also observed between Pt and NGTs, which further 

boost the performance of such a Pt-based cathode catalyst. 

Consequently, the ORR kinetics can be highly favored and 

stability of catalysts can be significantly improved.  

Results and discussion 

Characterization of nitrogen-doped graphene tubes  

Herein, we synthesized three different graphene tube supports 

derived from different metal precursors, i.e. CoNi, Co, and Ni, 

which were labeled as NGT(CoNi), NGT(Co), and NGT(Ni), 

respectively. It is well known that the Fenton reaction is 

initiated by active redox pairs of Fe(II)/Fe(III). Both Fe(II) and 

Fe(III) are very active and common species. As for Co and Ni, 

only Co(II) and Ni(II) are comparably stable species. It is hard for 

them to be oxidized by H2O2 and initiate the Fenton reaction for 

radical generation.33,34 Therefore, Fe-derived graphene tubes 

were not studied in this research. Afterwards, Pt nanoparticles 

were deposited on graphene tubes via a chemical reduction 

method followed by a heating treatment (Figure 1) and these 

Pt-based catalysts were screened by accelerated stressed tests 

(ASTs) with different potential ranges. More details of synthesis 

and electrochemical measurement can be found from the 

experimental section in the supporting information. 

    To reveal the carbon morphology of graphene tubes, 

scanning electron microscopy (SEM) was performed. As 

depicted in Figure 2a, 2b and 2c, isolated and well-defined 

tubular morphology was observed for samples derived from 

different transition metals. Typically, NGT(CoNi) yielded the 

largest width ranging from 150 nm to 350 nm, followed by 

NGT(Co) and NGT(Ni). It should be noted that it is more difficult 

to deposit Pt onto a tube with smaller size such as traditional 

carbon nanotubes (CNTs). The NGTs with large size can provide 

much more uniform particle distribution than traditional carbon 

nanotubes. 

Raman characterization was performed to further study 

carbon structures in various NGTs. As shown in Figure 2d, 

following the convention of Cuesta et al.35 and Bonhomme et 

al.36 for polycrystalline graphitic materials, four bands 

approximately at 1230, 1350, 1488, and 1580 cm-1 referred to I, 

�U��^^U��v��'�Á����]v�}��}������]v�}�(]��]vP�(}���he studied NGT 

supports derived from various metal precursors. For all the 

samples, the G and D bands are the most intense first order 

spectral modes. The G band corresponds to the high-frequency 

E2g phonon resulting from sp2 hybridized C-C bonds in a two-

dimensional hexagonal lattice. The D band results from the 

defects or disordered carbon atoms of six-side hexagonal 

rings.37-39 In general, the ratio of the relative intensity of D to G 

band (ID/IG) can be an indicator of graphitization degree of 

carbon structure. As a result, the NGT(Co) showed the highest 

graphitization degree (ID/IG = 0.71), while NGT (Ni) presents the 

lowest degree among these three supports. /v����]�]}vU�'[���v��

at 2600 cm-1, an overtone mode of D band, also present in all 

these samples. Its appearance does not require the presence of 

defects/disorder in graphite structure. However, its intensity 

was found to be highly sensitive to nitrogen doping level and 

type as described in detail by Bulusheva et al.40 The intensity of 

'[���v��Z����een previously found to decrease with increase in 

total nitrogen level and is highly sensitive to pyridinic nitrogen 

type. Thus, compared to NGT(Co), NGT(Ni) and NGT(CoNi) 

contain higher content of pyridinic N, which is in good 

agreement with the XPS analysis.  

The structure of carbon supports was also determined by 

BrunauertEmmetttTeller (BET), using N2 physisorption (at 

77.35 K). Figure 2e and Figure S1 show the nitrogen adsorption-

desorption isotherms and pore size distribution curves of NGTs 

and Vulcan XC-72. The BET surface areas of NGT(Co), NGT(Ni), 

and NGT(CoNi) are 88.5, 77.8, and 123.1 m2/g, respectively. 

Therefore, the NGT(CoNi) yielded much larger pore volume 

than NGT(Co) or NGT(Ni). Comparing to the surface areas of 

Vulcan XC-72 (208.5 m2/g), those of NGTs are lower since the 

number of micropores in NGTs is much lower than that in 

Vulcan XC-72, which could be confirmed by pore size 

distribution (Figure S1). However, Figure S1 presents that the 

NGTs have much more mesopores and macropores. Micropores 

may result in water flooding and may not be accessible in the 

electrolyte, meso- and macropores are favorable to mass 

transport during the electrochemical catalysis, thus NGTs can be 

more effective support in spite of lower surface areas. Pore size 

distribution and BET surface areas of different carbon supports 

are comprehensively compared and summarized in the Figure 

S2 and Table S1 in the supporting information.  
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    To get more understanding of degradation mechanisms for 

catalysts during ASTs with different potential ranges, the TEM 

characterization was performed on fresh post-Pt/NGT(CoNi), 

post-Pt/NGT(CoNi) after 20k cycles from 0.6-1.0 V vs. RHE, and 

post-Pt/NGT(CoNi) after 30k cycles from 1.0-1.5 V vs. RHE, 

which was shown in Figure 5. The tube structure was 

apparently well defined and the Pt nanoparticles were 

uniformly deposited on nitrogen-doped carbon tubes with a 

narrow distribution (Figure S16d). As was shown in HR-TEM 

image (Figure 5c), the deposited Pt nanoparticles were highly 

crystallized. Notably, the particle size distribution of Pt on fresh 

catalyst, measured from 100 nanoparticles, indicated that the 

average particle diameter was around 3.7 nm, which was larger 

than that on commercial Pt/C (2.7 nm). These results are 

consistent with the XRD data, where the crystallinity of Pt on 

NGTs was higher (Figure 17). As mentioned above, commercial 

Pt/C catalyst showed a 47 mV loss of E1/2 after 20k cycles (0.6-

1.0 V), while the post-Pt/NGT(CoNi) catalyst exhibited only 21 

mV loss of E1/2, suggesting that the Pt metal on NGT(CoNi) is 

much more stable than that on Vulcan XC-72. To further 

identify the loss in activity, Figure S18a shows the normalized 

ECSA calculated for commercial Pt/C and post-Pt/NGT(CoNi) 

catalysts as a function of cycle. The ECSA of commercial Pt/C 

catalysts decreases dramatically as the number of cycles 

increases and only 33% of initial ECSA value of Pt/C catalyst was 

retained after 20,000 cycles. Surprisingly, more than 67% of 

initial ECSA of post-Pt/NGT(CoNi) catalyst was maintained, 

indicating the higher stability of Pt nanoparticles on NGTs than 

that on Vulcan XC-72. As shown in Figure 5d-f and Figure S16e, 

the mean particle size of the Pt on NGT(CoNi) became 5.3 nm 

after 20,000 cycles from 0.6-1.0 V, indicating that this catalyst 

still exhibited good Pt dispersion and no extensive 

agglomeration was observed. Notably, the Pt-M (M is Co and 

Ni) alloy structure was in-situ formed during the post-

treatment. The stability difference of Pt metals between post-

Pt/NGT(CoNi) and commercial Pt/C catalyst is possibly 

attributed to the difference in Pt oxidation potential and 

dissolution potential. It has been reported that the Pt oxides 

formation potential on Pt-based alloy catalysts would be shifted 

to higher values when compared to pure Pt.52, 53 Moreover, the 

Pt dissolution potential would also be changed while the Pt 

nanoparticle sizes are modified.54, 55 Additionally, the stronger 

binding derived from the synergistic effect between Pt and 

nitrogen-doped carbon support can lead to higher stability of Pt 

nanoparticles.29, 30, 56 

    As for the stability of carbon supports against oxidation, 

Figure S18b presents that the commercial Pt/C catalyst showed 

a steady decrease in ECSA values during ASTs within 1.0-1.5 V 

at room temperature, which can be attributed to Pt 

nanoparticle detachment or agglomeration on the carbon 

supports. The amorphous carbon structure especially 

micropores on Vulcan XC-72 would be collapsed or destroyed.56 

And this ECSA loss was also related to Pt agglomeration on the 

oxidized carbon support.58 After 20,000 cycles, only 65% of 

initial ECSA of Pt/C catalysts was maintained. Surprisingly, the 

ECSA of post-Pt/NGT(CoNi) catalyst were increased after 

30,000 potential cycles (Figure S18b) and the average size of Pt 

nanoparticle increased to 4.6 nm (Figure 5g-i and Figure S16f). 

Because the transition metal or metal oxides embedded in the 

carbon matrix can be dissolved into the electrolyte by applying 

potential and the active surface area became higher which was 

favorable for exposure of active sites. This result is consistent 

with the results of HR-TEM (Figure 5g), in which the tube 

structure was well maintained after 30,000 cycles from 1.0-1.5 

V in 0.1 M HClO4, indicating that the novel NGT(CoNi) is 

corrosion-resistant, so that the Pt detachment and 

agglomeration was alleviated. As for the tests at an elevated 

temperature of 60 °C, it was clear that the commercial Pt/C 

catalyst has undergone tremendous degradation in 

performance. On the contrary, our post-Pt/NGT(CoNi) catalyst 

still maintained excellent activity under high-temperature 

conditions and the performance degradation was negligible. 

This result was further evidenced by TEM characterization 

(Figure S19) where the tube structure was well maintained so 

that Pt nanoparticles still maintained good dispersion with a 

narrow distribution. The more durable behavior of post-

Pt/NGT(CoNi) at high potential window was considered to stem 

from the durable graphene tubes support, which had intrinsic 

higher degree of graphitization than Vulcan XC-72 (Figure S20) 

and was further increased by post-treatment (Figure 4d) so that 

detachment and agglomeration of Pt particles were greatly 

alleviated. 

Conclusions 

In summary, a highly active and stable Pt alloy cathode catalyst 

was developed based on a support of novel nitrogen/metal co-

doped graphene tubes.  Among three carbon tubes derived 

from various transition metals we studied, the NGT(CoNi) is the 

most promising support due to its highly graphitized carbon 

structure and large tube size, which benefit for the corrosion 

resistance and Pt dispersion. The improved ORR activity of post-

Pt/NGT(CoNi) catalysts is possibly attributed to the formation 

of Pt-M alloy phase, intrinsic active sites supplied by 

nitrogen/metal co-doped graphene tubes, synergistic effect 

between Pt and nitrogen-doped carbon support, and enhanced 

mass transfer due to appropriate mesopore/macropore 

distribution. More importantly, the novel post-Pt/NGT(CoNi) 
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catalyst shows excellent stability at both low and high potential 

ranges, which is ascribed to the highly graphitized carbon 

matrix, providing excellent support effect, mitigating the 

agglomeration of Pt nanoparticles and carbon corrosion. 

Therefore, this research demonstrates a new Pt alloy catalyst 

and novel carbon support for the cathode of fuel cells with both 

excellent catalytic activity and stability.  
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