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The importance of oxygen reduction reaction (ORR) in fuel 
cells and high energy density metal-air batteries has attracted 
intense research interests in looking for low-cost ORR 
catalysts as substitutes for expensive and scarce Pt-based 
catalysts. N-doped graphene and carbon nanotubes prepared 
in a low-cost and scalable way has demonstrated their 
potentials although the performance still needs to be 
improved. In view of the requirements for a high-
performance ORR electrocatalyst, this work focused on 
developing the nanocomposites of N-doped reduced graphene 
oxide (N-rGO) and N-doped carbon nanotubes (N-CNT) as 
low-cost efficient ORR catalysts by integrating the 
advantages of abundant highly-active sites from N-rGO and 
three-dimensional conductive network for efficient mass and 
electron transport from N-CNT. By optimizing the 
preparation method and dedicatedly tuning the composition, 
the much enhanced ORR activity and superior durability and 
tolerance to methanol were achieved for self-assembled N-
doped composite (N-rGO-CNT) at a mass ratio of 1:5 
rGO/CNT. The further improvement of ORR electrocatalytic 
activity of the composite was also demonstrated by 
introducing iron into the composite.  

Introduction  

Designing low-cost high-performance electrocatalysts for efficient 
oxygen reduction reaction (ORR) is very important in a range of 
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energy applications including fuel cells, metal–air batteries and 
chlor-alkali electrolysis.1-3 However, the further development and 
large-scale application of these technologies hampered by the 
sluggish kinetics of ORR stemmed from the difficulty in breaking 
strong O=O bond, as well as the issues of the state-of-the-art Pt-
based catalysts such as high cost, short supply, poor durability, and 
insufficient tolerance to fuel crossover.4 Therefore, enormous effort 
has been put on investigating low-cost substitutes for commercial 
Pt/C catalyst, including metal–nitrogen complexes on carbon 
supports,5 transition metal chalcogenide,6 oxide,7 and nitride,8 
heteroatom-doped carbon materials,9-12 and their combinations.13-17 

Graphene, as an ultrathin two-dimensional honeycomb network 
of sp2-hybridized carbon, displays many distinct properties required 
by a good electrocatalyst, including high surface area, good 
electrical conductivity and excellent mechanical properties. N,10, 18-19 
P,12, 20 S 10, 21 and B 19-20 doped as well as dual-doped and trinary-
doped graphene have attracted much attention to explore its potential 
as ORR electrocatalyst since heteroatom doping could provide 
abundant highly-active catalytic sites. Although tremendous work 
has been done, the development of heteroatom doped graphene with 
high activity for catalyzing ORR is still challenging. Heteroatom 
doped graphene (usually referred to as reduced graphene oxide, rGO) 
catalysts have two main issues. First one is incomplete reduction for 
graphene made by low-cost chemical oxidation and exfoliation 
method, which severely deteriorates its performance.22 Second one is 
that the stacking of graphene sheets causes the substantial amount of 
catalytic sites inaccessible for O2 and ions, and thus depresses the 
efficiency of catalytic reaction.23-24 

Taking into account the advantages and issues of graphene as 
electrocatalyst, one-dimensional carbon nanotubes (CNT) could be 
introduced into graphene materials as highly conductive three-
dimensional (3D) network to construct 3D graphene-CNT composite 
materials.25 These materials have been successfully used in solar 
cells and energy storage devices.22, 26-28 For ORR application, the 
incorporation of CNT can not only solve the mass transfer issue 
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caused by the stacking and agglomeration in graphene-based 
catalysts, but also greatly enhance the electron transport through 
building 3D interpenetrating conductive network and the close 
electron coupling between graphene and CNT. Although some 
methods have been developed to synthesize graphene-CNT 
composites 24, 29-30 and initial efforts to use graphene-CNT for 
catalyzing ORR have been attempted,24, 30 no reports focused on 
investigating the influence of its preparation method and 
composition on the performance; and the catalytic performance for 
ORR of the reported composites still need to be improved.22, 27  

Herein, we developed a facile solution self-assembly method to 
prepare the composites of rGO, CNT and nitrogen-rich source, 
followed by heat treatment to achieve N-doped rGO-CNT 
composites (N-rGO-CNT). By taking advantage of the abundant 
highly-active sites from N-doped rGO and three-dimensional 
conductive network for efficient mass and electron transport from N-
doped CNT, the composites of N-rGO-CNT demonstrated their 
potentials as low-cost efficient ORR catalysts. More importantly, 
by dedicatedly engineering the composition of N-rGO-CNT, it 
was found that the mass ratio of rGO and CNT in composite 
significantly affect the electrocatalytic activity of the composite for 
ORR. The highest ORR activity was achieved when the mass ratio of 
rGO and CNT in composite was 1:5, regardless of the preparation 
method for obtaining the composite. As a result, an N-rGO-CNT 
composite ORR catalyst with much enhanced ORR activity and 
superior durability and tolerance to methanol was obtained. The 
catalytic performance of the composite can be further improved 
by simply introducing iron source into N-rGO-CNT during 
thermal treatment.  

 

Results and discussion  
 
rGO-CNT composites were prepared via a simple solution self-
assembly process. In a typical synthesis, CNT (40 mg) and melamine 
(240 mg) were dispersed into DMF solution (240 mL) by sonicating 
the mixture for an hour. The graphene oxide (GO) solution (3.08 mL, 
2.60 mg/mL) pre-prepared by modified Hummers method was then 
added into the mixture, followed by sonication for another hour. The 
mass ratio of rGO and CNT in this case was 1:5. After stirred at 
room temperature overnight, the mixture solution was dried by 
rotary evaporation at 85 oC. Nitrogen doping was achieved by heat 
treating the dried mixture at 900 oC for an hour under Ar atmosphere.  

The morphologies of the synthesized N-rGO-CNT composites 
were first investigated by scanning electron microscope (SEM) and 
transmission electron microscope (TEM). Fig. 1 displays the 
representative SEM and TEM images of the sample. From the SEM 
images (Fig. 1a and 1b), it is distinctly observed that CNT and 
graphene sheets combined together and were in close contact. In 
TEM visualization, no obvious CNT bundles or graphene 
agglomeration were observed. The typical TEM image shown in Fig. 
1c clearly confirms the co-existence of CNT and graphene layers. 
The very thin layers and wrinkled folds are typical features of 
graphene layers. The tubular nanostructures in an average diameter 
of around 50 nm are CNT unarguably. It is also seen that some 
graphene layers wrapped CNT, indicating CNT and graphene layers 
were well linked together.  

 
Fig. 1 (a), (b) SEM and (c) TEM images of N-rGO-CNT. 

Since the catalytic performance of N-rGO-CNT composite was 
supposed to be the result of balancing the advantages of N- rGO 
and N-CNT, the composition of graphene and CNT in N-rGO-CNT 
composite would probably affect its electrocatalytic activity for 
ORR. In order to investigate this effect, six samples with different 
mass ratio of GO to CNT (0/10, 1/10, 2/10, 6/10, 10/10, and 10/0) 
were prepared in this study by only adjusting the amount of GO 
solution and melamine and keeping the amount of CNT and the 
content of melamine in composite constant. These samples were 
denoted N-CNT, N-rGO-CNT-0.1, N-rGO-CNT-0.2, N-rGO-CNT-
0.6, N-rGO-CNT-1, and N-rGO, respectively. 

 
Fig. 2 (a) LSV curves of N-rGO-CNT with different composition prepared by 
solution self-assembly route. (b) LSV curves of N-rGO-CNT with different 
composition prepared by hydrothermal method. In both (a) and (b), all curves 
recorded in 0.1 M O2-saturated KOH at a scan rate of 10 mV/s and a rotation 
speed of 1600 rpm. (c) Polarization curves of N-rGO-CNT-0.2 recorded in 0.1 M 
O2-saturated KOH at a scan rate of 10 mV/s and different rotation speeds. (d) 
Koutecky-Levich plots at 0.40 V, 0.45 V, 0.50 V and 0.55 V vs. RHE calculated 
from RDE tests at various rotating speeds. 

The electrocatalytic performances of all N-rGO-CNT 
composites were first evaluated by linear sweep voltammetry (LSV). 
The measurements were implemented on a rotating disk electrode 
(RDE) with a constant catalyst loading of 600 μg/cm2 in 0.1 M O2-
saturated KOH solution at a rotation rate of 1600 rpm. As seen in 
Fig. 2a, the electrocatalytic activities of the composites are strongly 
dependent on the mass ratio of rGO and CNT in composites. The 
onset potential of pure N-rGO for ORR is more positive than other 
catalysts, suggesting it has more active catalytic sites. However, its 
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LSV curve does not show obvious diffusion-limited current density 
and the current density at low potential is lowest in all samples, 
which indicates it undergoes severe issue of mass transfer. This can 
be corroborated by the fact that the LSV curves of N-rGOs tends to 
be normal when the catalyst loading was decreased to 150 μg/cm2, 
although the onset potential correspondingly decreases as well at 
lower catalyst loading (see Fig. S1 in ESI). Moreover, pure N-CNT 
shows the most negative on-set potential and half-wave potential 
(E1/2), indicating its inferior performance for catalyzing ORR. 
However, it is interestingly noted that the ORR electrocatalytic 
activity of the materials is prominently enhanced by combining 
small amount of N-rGO into N-CNT. For example, when adding 
10% rGO (vs. CNT), the E1/2 and on-set potential of the composite 
catalyst were dramatically positively shifted compared to pure N-
CNT. The current density at -0.48 V (vs. RHE) of the composite 
increased to 4.72 from 2.02 for N-rGO and 3.68 mA/cm2 for N-CNT. 
The best performance was further achieved at a mass ratio of rGO 
and CNT of 1:5. The E1/2 of the composite N-rGO-CNT-0.2 is 98 
mV positive than that of N-CNT. Adding further more rGO resulted 
in the decrease in ORR activity in terms of negative shift of E1/2 and 
on-set potential as well as the decreased current density. Furthermore, 
this dependency of catalytic performance on relative content of rGO 
and CNT was found in the rGO-CNT composites prepared by other 
method. Besides the solution self-assembly method which was used 
to prepare above-mentioned composites, we also prepared rGO-CNT 
composites via hydrothermal route according to the literature 24 and 
measured the catalytic performance of N-doped rGO-CNT for ORR. 
As shown in Fig. 2b, the composites prepared at a mass ratio of rGO 
and CNT of 1:5 also demonstrates the best performance for 
catalyzing ORR. These facts indicate that the electrocatalytic 
performance of the N-doped rGO-CNT composites for ORR should 
be the result of balancing mass transfer and the amount of 
catalytically active sites.  

In order to further evaluate the performance of the present N-
rGO-CNT composite catalysts, a series of LSV experiments were 
carried out on RDE loaded with N-rGO-CNT-0.2 catalyst at different 
rotating speeds from 400 rpm to 2025 rpm in 0.1 M O2-saturated 
KOH solution. As shown in Fig. 2c, the limited current density 
increases with increase in rotation rate of RDE. The Koutecky-
Levich (K-L) plots at several potentials were calculated via K-L 
equation to give insight into electron transfer process during ORR 
(see ESI for details). It is clearly seen from Fig. 2d that all K-L plots 
at different potential are nearly parallel. The number of electron 
transfer calculated from the slopes of K-L plots are around 3.9 for all 
four plots, which suggests that the high efficient and beneficial four 
electron reduction pathway dominate in ORR when N-rGO-CNT-0.2 
was used as catalyst.  

It was reported that nitrogen species in N-doped carbon materials, 
played an important role in enhancing the ORR catalytic 
performance of catalysts and was considered as the catalytically 
active sites. The nitrogen content and chemical bonding state would 
affect the activity of catalysts.31-35 Therefore, it is necessary to 
analyse the nitrogen content and chemical states in current catalysts 
for understanding the difference in their ORR catalytic activities. Fig. 
3 shows the typical results of X-ray photoelectron spectroscopy 
(XPS) measurements. As shown in Fig. 3a, the survey scans  

Table 1 Nitrogen contents and analysis based on XPS spectra 

Sample N[a] N1[b] N2[c] N3[d] 

N-rGO 6.68 41.92 7.58 50.50 

N-CNT 2.05 45.46 31.36 23.18 

N-rGO-CNT-0.2 5.02 36.90 36.53 26.57 

[a] Total nitrogen content (at.%). [b, c, d] Fraction (%) of pyridinic-N (N1), 
pyrrolic-N (N2) and quaternary-N (N3), respectively, calculated from 
deconvoluted high-resolution N1s spectra. 

recorded on N-rGO, N-CNT and N-rGO-CNT-0.2 display obvious 
nitrogen signals, affirming the successful introduction of nitrogen in 
all samples. The intensities of nitrogen signals in three curves are 
different. Quantitative analysis listed in Table 1 discovers that the 
nitrogen content in N-rGO reach up to 6.68 at.%, which could be 
attributed to the abundant defect sites in GO. In contrast, only 2.05 
at.% nitrogen was introduced into N-CNT. After introducing 20% 
rGO, the nitrogen content in composite N-rGO-CNT-0.2 increased to 
5.02 at.%, suggesting that the introduction of rGO can significantly 
promote the amount of catalytically active sites. On the other hand, 
the bonding states of nitrogen in three materials were further 
investigated by deconvoluting high-resolution N1s signals into the 
components corresponding to pyridinic type, pyrrolic type, and 
quaternary type nitrogen (Fig. 3b, 3c and 3d). The selected binding 
energy for each type of N and the quantitative analysis were 
summarized in Table S1 (see ESI) and Table 1. It can be seen that 
the factions of each type of nitrogen are different in three samples. 
The pyridinic and quaternary type N dominated in N-rGO, which 
were reported to be more active for ORR than pyrrolic N.31-34 Taking 
into account the highest total nitrogen content achieved in N-rGO  

 
Fig. 3 (a) Wide-scan survey XPS spectra of N-rGO, N-CNT and N-rGO-CNT-0.2. 
(b-d) High-resolution N1s signals in XPS spectra of N-rGO, N-CNT and N-rGO-
CNT-0.2, respectively. 
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Fig. 4 RDE polarization curves of (a) N-rGO-CNT-0.2 and (b) commercial Pt/C 
in the presence or absence of 0.5 M methanol. (c) Current-time (i-t) 
chronoamperometric responses of N-rGO-CNT-0.2 and Pt/C at 0.78 V (vs. RHE). 
(d) The comparison of RDE polarization curves of N-rGO-CNT-0.2, Fe-N-rGO-
CNT and Pt/C at a scan rate of 10 mV/s and a rotation speed of 1600 rpm. All 
data curves were recorded in 0.1 M O2-saturated KOH.  

together while the best ORR performance was accomplished on N-
rGO-CNT-0.2, the ORR activity of N-rGO-CNT composite should 
not only depend on the amount and chemical state of active sites, but 
also appreciably affected by mass transfer and electron transport. In 
N-rGO-CNT-0.2 composite, N-CNT part constructed the 3D 
conductive network which enriched electrode-electrolyte-gas three-
phase boundaries for sufficient mass transfer, and served as ‘electron 
highways’ for fast electron transport. N-rGO part provided the high 
efficient catalytic sites for ORR. The close contact between N-rGO 
and N-CNT via strong pi-pi interaction would facilitate fast charge 
transport. As a balance of these facts, the best weight ratio of rGO 
and CNT was measured to be 1:5 in the present study. 

In practical application of fuel cells, fuel often goes across the 
exchange membrane from anode to cathode and deactivates the 
cathode catalyst. Therefore, the resistance to fuel crossover and 
durability should be tested for further evaluating an ORR catalyst.36 
In this study, LSV measurements were also carried out in the 
presence of 0.5 M methanol for both N-rGO-CNT-0.2 and 
commercial Johnson Matthey (JM) Pt/C (20 wt.% Pt loading) 
catalysts to compare their tolerance to methanol crossover. As shown 
in Fig. 4a and b, LSV curve of N-rGO-CNT-0.2 does not show 
obvious shift in the presence of 0.5 M methanol while that of 
commercial Pt/C displays significant negative shift (185 mV 
negative shift in half-wave potential), indicating N-rGO-CNT-0.2 
has excellent resistance to methanol crossover. On the other hand, 
the durability of catalyst was also examined by chronoamperometric 
measurements in 0.1 M O2-saturated KOH solution. Fig. 4c shows 
that Pt/C catalyst suffers serious current descending while N-rGO-
CNT-0.2 delivers much better durability.  

Finally, in order to further explore the application of present N-
rGO-CNT composite, the improvement on its catalytic performance 
for ORR was demonstrated by introducing iron into composite. It 
was interestingly found that the introduction of iron remarkably 
boosted the catalytic activity of N-rGO-CNT composite. As shown 
in Fig. 4d, the on-set potential of Fe-N-rGO-CNT is comparable to 
that of commercial Pt/C catalyst and the half-wave potential is only 
41 mV negative than that of Pt/C. It was believed that this 
performance could be further enhanced by optimizing the 
preparation condition of the catalysts.  

 
Conclusion 
In summary, nanocomposites of N-doped reduced graphene oxides 
and carbon nanotubes were prepared via a facile solution self-
assembly route for exploring their application potential as ORR 
catalysts. It was interestingly found that the composition of 
nanocomposites significantly affected their ORR catalytic 
performance. The optimal mass ratio of rGO and CNT in N-rGO-
CNT composites is 1:5. By incorporating the merits of the abundant 
highly-active sites from N-rGO and 3D conductive network for 
efficient mass and electron transport from N-CNT, the N-rGO-CNT-
0.2 exhibited the much enhanced ORR catalytic activity, excellent 
tolerance to methanol crossover and durability. The further 
improvement of performance was also demonstrated by introducing 
iron into the composite. These results revealed the application 
potentials of N-rGO-CNT as low-cost efficient electrocatalysts for 
ORR. 
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