
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Nanoscale

www.rsc.org/nanoscale

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Cobalt-Nitrogen Complex on N-doped Three-Dimensional Graphene 

framework as Highly Efficient Electrocatalysts for Oxygen Reduction 

Reaction 

Yuanyuan Jiang,
 a,c
 Yizhong Lu,

 a,c
 Xiaodan Wang,

 a 
Yu Bao, *

b
 Wei Chen,

 a
 and Li Niu

 
*
a
 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 5 

DOI: 10.1039/b000000x 

The high cost and limited natural abundance of platinum hinder its widespread applications as the oxygen 

reduction reactions (ORR) electrocatalyst for fuel-cells. Carbon-supported materials containing metals 

such as Fe or Co as well as nitrogen have been proposed to reduce the cost without obvious lowering of 

the performance compared to Pt-based electrocatalysts. In this work, based on the pyrolyzed corrin 10 

structure of vitamin B12 on simultaneously reduced graphene support (g-VB12), we constructed an 

efficient oxygen reduction electrocatalysts with very positive half-wave potential (only ~ 30 mV 

deviation from Pt/C), high selectivity (electron transfer number close to 4) and excellent durability (only 

11 mV shift of half-wave potential after 10000 potential cycles). The admirable performance of this 

electrocatalyst can be attributed to its homogeneous distribution of abundant Co-Nx active sites, and well-15 

defined three-dimensional mesoporous structure of the N-doped graphene support. The high activity and 

long-term stability of the low cost g-VB12 make it a promising ORR electrocatalyst in alkaline fuel cells.

Introduction 

Electrochemical energy conversion and storage devices, ranging 
from fuel cells to metal-air batteries, require effective cathodic 20 

electrocatalysts for promoting the sluggish oxygen reduction 
reaction (ORR).1,2 Pt and Pt-based materials remain the most 
efficient ORR catalysis by far, but the high cost and scarcity in 
earth of Pt greatly hamper its further development for large-scale 
applications.3,4 In this respect, a broad range of catalysts based on 25 

nonprecious metals or metal oxides (Fe, Co, etc. or Fe3O4, CoO, 
Co3O4, IrO2, etc.),5-8 nitrogen doped carbon materials (carbon 
nanotubes, graphene materials, carbon nanoparticles, etc.),9-12 as 
well as nitrogen-coordinated transition metals supported on 
carbon hybrid materials (M-Nx) have been actively researched as 30 

ORR electrocatalysts.13-15 Among those reported approaches, 
pyrolysis of nitrogen coordinated Fe or Co complex (such as 
porphyrins and phthalocyanine) supported on carbon has been 
established as one of the most promising non-precious metal 
electrocatalysts.16,17 Since 1964, when Jasinski demonstrated that 35 

cobalt phthalocyanine could act as ORR electrocatalyst,18 various 
metal-N4 complexes supported on carbon were exploited. 
However, stability issues arose as the catalyst structure tended to 
decompose during the testing process, leading to the loss of 
catalytic activity.19,20 A significant breakthrough was achieved 40 

years later by pyrolyzing the Fe-N4 or Co-N4 macrocycles on the 
carbon support in an inert atmosphere.21,22 The resulting catalyst 
demonstrated improved stability, whereas the high-price of these 
macrocycles hindered their broad application. It was proposed by 
some researchers that these expensive transition metal 45 

macrocycle compounds were actually not necessary, for the only 

requirement was a proper metal-nigrogen coordination supported 
on carbon resulting from heat treatment of transition metal, 
nitrogen and carbon precursor materials. To verify this, in 1989, 
one kind of promising ORR electrocatalysts with a M-Nx 50 

structure was successfully prepared by pyrolyzing 
polyacrylonitrile, Co or Fe salts, and a Vulcan XC-72 carbon 
black support.23 Another breakthrough was achieved in 2009 
when lefèvre’s group produced microporous carbon supported 
Fe-Nx based catalysts by using Black Pearls 2000 as carbon 55 

support, FeAc as the iron precursor, and 1,10-phenanthroline as 
the N source. The ballmilling treated mixture was further 
subjected to heat treatment in ammonia, both as N source and to 
create porosity. The active sites were believed to be Fe cations 
coordinated by pyridinic nitrogen functionalities in the interstices 60 

of graphitic sheets within the micropores.24 Even so, these 
methods also suffer from a dilemma that the metal may not be 
coordinated by N exactly according to the researches’ intention. 

An alternative way is raised by exploiting other low cost 
macrocycles materials with M-Nx center. Cyanocobalamin 65 

(Vitamin B12, VB12) with a corrin structure in the center (Co 
center coordinated by certain N atoms), is a porphyrin like 
structure, nevertheless, its cost is much lower than other 
macrocycles molecules such as porphyrins and phthalocyanines. 
And it can be easily obtained by mass production. In previous 70 

research, calculations based on density functional theory 
suggested that the corrin complex with a low-symmetric structure 
offered a much preferable ORR pathway, which is not applicable 
to the porphyrin molecule with a high symmetry.25 

Herein, we develop a new type of ORR electrocatalyst based 75 

on this cheap and easily obtained VB12 as Co and N precursor 
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and reduced graphene oxide as the carbon support. After 
lyophilization and pyrolysis treatment of the VB12 and graphene 
oxide mixture, the as-prepared g-VB12 presents a 3D 
mesoporous structure with a relatively high Brunauer-Emmett-
Teller (BET) surface area (ca. 220 m2 g-1). The g-VB12 exhibits 5 

higher activity and superior electrochemical durability than the 
pyrolyzed VB12 supported on carbon black (VB12/C) for the 
ORR in alkaline media. Additionally, the g-VB12 electrocatalyst 
outperforms the commercial Pt/C (20 wt % Pt) in durability and 
anti-poison capability in half cell test. The good electrocatalytic 10 

activity can be primarily attributed to the homogeneously 
dispersed Co-Nx active sites. While the three-dimensional 
mesoporous N-doped graphene framework of this g-VB12 offers 
the highly accessible surface area and an efficient mass transport 
as well as electron transfer path, also resulting in the improved 15 

ORR performance. The desirable performance of the g-VB12 
electrocatalyst, together with the low cost of the easily obtained 
raw materials and the facile synthesis procedure, make the g-
VB12 a promising cathode catalyst candidate for alkaline 
methanol fuel cell applications. 20 

Results and Discussions  

The structure and morphology of the as-fabricated g-VB12 were 
first studied by scanning electron microscopy (SEM). As can be 
seen from Figure 1, the g-VB12 exhibits an interconnected, three 
dimensional rough framework with continuous crumpled sheet 25 

structure, which is the typical feature of 3D graphene.26,27 The 
adsorption surface area and the porosity of the g-VB12 are 
evaluated by N2 adsorption measurements. As shown in Figure 1c 
and Figure 1d, the distinct hysteresis loops indicate the 
mesoporous texture with the uniform mesopore size distribution 30 

centered at 4.5 nm, according to the Barrett-Joyer-Halenda (BJH) 
model. The Brunauer-Emmett-Teller (BET) analysis shows a 
specific surface area of 220 m2 g-1 for the g-VB12, which is 
relatively higher than that of the VB12/C with an aggregated 
spheres structure (105 m2 g-1, Figure S1). The highly accessible 35 

surface area and 3D mesoporous texture of the g-VB12 
composite are beneficial to the transport of electron and materials, 
thus favourable for the electrocatalytic activity. 

 
Figure 1. (a, b) SEM images of g-VB12 catalysts at different 40 

magnification. (c) N2 adsorption and desorption isotherms of g-
VB12. (d) The pore size distribution curve from the BJH method. 

 
Figure 2. SEM image and elemental mapping of g-VB12. (a) 
Typical SEM photograph. (b) The EDX spectrum of g-VB12. (c-f) 45 

corresponding elemental mapping images of (c) C, (d) O, (e) N, (f) 
Co. 

Energy-dispersive X-ray spectra (EDX) and elemental mapping 
analysis of the g-VB12 suggest the presence of C, N, Co, and O 
in the hybrids (Figure 2). It can be observed that the signals of Si 50 

and F come from the supporting silicon wafer and the Nafion 
solution, respectively. The possible contribution of trace residual 
P element to the ORR activity is excluded by previous reports.28 
The elemental mapping shows that both N and Co species are 
homogeneously distributed throughout the whole catalyst 55 

structure.  
The containing elements and chemical state of the nitrogen and 

cobalt in the g-VB12 were further analyzed by X-ray 
photoelectron spectroscopy (XPS). The survey spectra in Figure 
3a shows that C, N, O, and Co can be obviously detected. The 60 

high-resolution N1s spectra indicates the presence of three 
dominating signals of doping N, including pyridinic N at 398.5 
eV, pyrolic N at 400.3 eV, and quaternary N at 401.5 eV. The 
peak centered at 398.5 eV should also include the contribution of 
N bonding to the cobalt (Co-N) on account of the little difference 65 

between the binding energy of Co-N and pyridinic N.29 
In order to know the definite state of Co element in the g-VB12 

composite, high-resolution transmission electron microscopy 
(HRTEM) inspection was performed. Metal-containing 
nanoparticles can hardly be observed from the HRTEM image 70 

(Figure S2). X-ray diffraction (XRD) pattern further proves the 
absence of crystalline metal/metal oxide phases (Figure S3). 
Therefore we deduce that the cobalt atoms exist in the 
coordinated state. High-resolution XPS spectra shows two peaks 
of Co2p3/2 at 781.2 and 779.6 eV, corresponding to N- and O- 75 

coordinated Co, respectively.30 The latter might be attributed to 
the inevitable oxidation of trace Co by some released oxygen-  
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Figure 3. (a) XPS survey spectra of g-VB12. High resolution N1s 
XPS spectra (b), Co2p3/2 spectra (c), and O1s spectra (d) of the g-
VB12 catalyst. 

containing groups which were not timely drain out during the 5 

pyrolysis. A small quantity of oxygen also exists in the composite, 
resulting from the incomplete reduction of graphene oxide. 
Although the exact structure of the active sites in the g-VB12 
composite remains uncertain until now, there is a consensus that 
Co centers stabilized by N coordination (Co-Nx) act as the active 10 

sites in pyrolyzed VB12 during the ORR process.15,28 In-depth 
study in previous reports supported the existence of a stable four-
coordinated Co (Ⅱ) compound acting as the active center.25 

It was reported that during high-temperature pyrolysis reduction 
of graphene oxide, the resulting graphene was prone to be doped 15 

by N when there was suitable nitrogen source in this system.10 

From the EDX analysis (average value of three parallel 
measurements, see Table S1), the atom content in the as-
synthesized g-VB12 composite is 12.36% for nitrogen and 1.85% 
for cobalt, respectively. The N/Co atom ratio in the g-VB12 20 

composite is ca. 6.68, which is much higher than that of VB12/C 
(with a N/Co atom ratio of ca. 4.54, Table S1). Apart from the 
Co-Nx complex with a four N-to-Co coordination in the g-VB12 
composite as mentioned above, there are still redundant N atoms 
doped to the special graphene skeleton during the pyrolysis 25 

process, which is further confirmed by the high-resolution N1s 
XPS spectra. Whereas carbon black acting as the support during 
the pyrolysis could not be easily doped by N and resulted in a 
relatively low N/Co ratio. N-doped graphene has been testified to 
be an efficient electrocatalyst in ORR as either the catalysts 30 

directly or carbon support to anchor catalysts.8,10,31 Overall, the 
easily accessible three-dimensional mesoporous framework, the 
well dispersed Co-Nx species, together with the N doped 
graphene structure of the g-VB12 are highly beneficial to the 
electrocatalytic performance in the ORR process. 35 

We first measured the electrocatalytic property of g-VB12 
using cyclic voltammetry (CV) to gain insight into the ORR 
activity of the g-VB12 in N2- and O2- saturated 0.1 M aqueous 
KOH electrolyte solution at a scan rate of 10 mV s-1. For 
comparison, commercial 20 wt % Pt on Vulcan carbon black 40 

(Pt/C from E-tek) was also tested under the same condition. As 
shown in Figure 4a, for the N2-saturated solution, redox features 
are negligible for both g-VB12 and Pt/C. In contrast, for the O2-
saturated solution, the CV curve of g-VB12 exhibited a 

 45 

Figure 4. (a) CV curves of g-VB 12 and Pt/C in O2- (dashed line) 
and N2-saturated (solid line) 0.1 M KOH. (b) Comparison of the 
RDE polarization curves in O2-saturated KOH at 1600 rpm. 

pronounced cathodic ORR peak at 0.83 V with the onset potential 
of ca. 0.925 V. The oxygen reduction peak of g-VB12 is close to 50 

that of the commercial Pt/C, and the current densities of the two 
samples are also comparable. These results indicate the excellent 
intrinsic ORR performance of the g-VB12. 

Subsequently, to further examine the electrocatalytic 
performance of g-VB12, linear sweep voltammetry (LSV) 55 

measurements were carried out in an O2-saturated 0.1 M KOH 
electrolyte at a scan rate of 10 mV s-1 using rotating disk 
electrode (RDE). We first studied the ORR activity of the g-
VB12 as a function of the pyrolysis temperature (600 °C, 700 °C, 
800 °C). It was found that the best ORR activity is obtained at 60 

700 °C, as revealed by the onset and half-wave potentials, as well 
as the diffusion-limiting current (Figure S4). Previous reports 
also demonstrated that the VB12 pyrolyzed at 700 °C exhibited 
the highest ORR activity, probably because an optimal balance of 
active site density, surface area and electron transfer ability was 65 

achieved after pyrolyzing at this temperature.32 Figure 4b 
displays a set of characteristic ORR polarization curves of g-
VB12, VB12/C, VB12, graphene, and commercial Pt/C modified 
RDEs. The unsupported pyrolyzed VB12 exhibits little ORR 
activity. Graphene obtained by heating at 700 °C also shows poor 70 

performance. The much more positive half-wave potential and 
larger diffusion-limiting current of g-VB12 catalyst than those of 
VB12 and graphene suggest the existence of synergetic effect 
between pyrolyzed VB12 and graphene in the composite. As 
shown in Figure 4b, the LSV polarization curve of g-VB12 75 

exhibits an onset potential more positive than that of VB12/C. 
The half-wave potential of g-VB12 (E1/2) is at 0.833 V, which is 
ca. 27 mV more positive than that of VB12/C, and only 30 mV 
negative shift compared with Pt/C catalyst. In addition, the 
diffusion-limiting current of g-VB12 is also comparable to that of 80 

Pt/C catalyst. The performances of g-VB12 are even comparable 
to those of some top reports concerning non-precious metal 
electrocatalysts in onset and half-wave potentials in alkaline 
electrolyte (Table S2), highlighting its high ORR activity. 

 85 

Figure 5. (a) ORR polarization curves for g-VB12 catalysts at the 
different rotation rates. (b) Koutecky-Levich plot for g-VB12 
obtained from LSVs in (a) at different potentials. 
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Figure 6. (a) Peroxide percentage and (b) electron transfer 
number of g-VB12 catalyst as a functions of the electrode 
potential. 

The kinetics of electrochemical catalytic ORR performance on 5 

g-VB12 was also studied by RDE measurements. A set of ORR 
polarization curves recorded from 100 to 2500 rpm are displayed 
in Figure 5. The polarization curves show typical increasing 
currents at higher rotation speeds, which can be explained by 
shortened diffusion distance at high speeds. Koutecky-Levich (K-10 

L) plots (j-1 vs. ω-1/2) derived from RDE tests are drawn at 
different potentials (0.5 V, 0.6 V and 0.7 V). The good linearity 
of the K-L plots and near parallelism of the fitting lines indicate 
the first-order reaction kinetics towards the concentration of 
dissolved oxygen and the similar ORR electron transfer number 15 

at different potentials.33 The electron transfer number is 
calculated to be approaching 4 at the researched potentials from 
the slopes of K-L plots, demonstrating that the g-VB12 catalyzes 
the ORR process dominantly through a 4 electron transfer process. 
This result resembles to that of the ORR catalyzed by commercial 20 

Pt/C catalyst (n~4 for Pt/C, Figure S5). 
Rotating ring disk electrode (RRDE) technique was also 

carried out to clearly verify the ORR electron transfer pathway by 
accurately detecting the amount of H2O2 generating at the Pt disk. 
The potential of the Pt ring electrode in the RRDE test is set at 25 

1.5 V for detecting the peroxide species collected at the disk 
electrode. In the potential range between 0.2 V to 0.8 V, the H2O2 
yield of g-VB12 remains below 4% (Figure 6a), corresponding to 
a high electron-transfer number of above 3.92 (Figure 6b). The 
electron transfer number varies little over the whole 30 

aforementioned potential range, emphasizing the ORR process of 
g-VB12 mainly through a four-electron mechanism. 

 
Figure 7. RDE polarization curves of the g-VB12 (a), Pt/C (b), 
and VB12/C (c) before and after 10000 potential cycles in O2-35 

saturated 0.1 M KOH. (d) Comparison of half-wave potentials 
(E1/2) of the three catalysts before and after potential cycles.   

 
Figure 8. The chronoamperometric response of ORR at 0.8 V on 
g-VB12 and Pt/C electrodes in O2-saturated 0.1 M KOH solution 40 

with the quick injection of 1 M methnol (a) and introduction of 
CO (b) at certain time during the test. 

To clarify the dominant active centre of our g-VB12 catalyst 
for ORR, we have done the CN-poisoning experiment with 
caution, as CN-

 are known to coordinate strongly with some 45 

transition metal (such as Fe, Co, Cu) and ruin the Co-Nx centres 
(Figure S6) 34,35. In the presence of CN-, the ORR onset potential 
of the g-VB12 catalyst negatively shifted by more than 100 mV, 
with a decrease in the diffusion limiting current. The results 
clearly suggest that blocking of the Co sites by CN- will lead to 50 

the distinct decrease of the activity of g-VB12 catalyst. A recent 
review has summarizes that apart from being an ORR catalyst 
itself, N-doped graphene can also act as an effective catalyst 
support during the ORR10. When acting as catalyst itself, N-
doped graphene has good electrocatalytic property36, but its 55 

activity is generally not as high as that of the g-VB12 catalyst 
especially in onset and half-wave potential in alkaline 
electrolyte.36-39 while in the cases of more active catalysts 
supported by N-doped graphene, more active catalysts act as 
active sites and N-doped graphene can enhance the catalytic 60 

property40-42. From the CN- poisoning experiment and literatures, 
we can conclude that Co-Nx was the dominant active site for 
ORR in the present study, while N-doped graphene acted as an 
effective support, and  had a distinct enhancement in the activity 
and stability of Co-Nx supported on it.  65 

We also assessed the durability of the g-VB12 using the 
accelerate durability tests by cycling the catalysts between 0.6 
and 1.0 V at 50 mV s-1 in oxygen-saturated 0.1 M KOH. After 
10000 continuous potential cycles, the half-wave potential (E1/2) 
exhibits a small negative shift of 11 mV (Figure 7a), which 70 

outperforms most non-precious metal catalysts, including 
VB12/C electrocatalyst (30 mV, Figure 7c). The durability of g-
VB12 also compares favourably with that of the commercial Pt/C 
(ca. 26 mV negative shift, Figure 7b). The half-wave potentials 
before and after 10000 potential cycles of g-VB12, VB12/C, and 75 

Pt/C are visually drawn up in Figure 7d, from which the 
comparison of activity and durability of the three samples can be 
easily obtained. It is believed that the durability of non-precious 
metal catalyst is highly correlated with the amount of peroxide 
releasing during the ORR.43 The extremely low H2O2 yield of the 80 

g-VB12 would be beneficial to its electrochemical stability. We 
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also explore the in-depth reason for the ultra-high durability in 
consideration on the catalyst structure. Taking into account the 
similar composition of the g-VB12 composite and VB12/C, the 
remarkable enhancement in durability on the g-VB12 can be 
attributed to their unique structure. Specifically, the composite 5 

catalyst prepared in this study has a three-dimensionally 
interconnected mesoporous graphene framework. This well-
confined structure can enhance the interfacial contact, suppress 
the structural collapse or active centers dissolution, and facilitate 
the transport of electron and reactant, and thus help to keep our g-10 

VB12 far more stable than other VB12/C materials or 
commercial Pt/C.7, 44, 45 

The g-VB12 catalyst was also exposed to some molecules for 
testing possible poisoning effect. An excellent catalytic 
selectivity for the cathode oxygen reduction reactions against fuel 15 

oxidation is significant for an effective ORR electrocatalyst in 
fuel cell application, especially when using small-molecule 
organic fuels, such as methanol, which may cross over through 
the polymer electrolyte membrane from anode to cathode, and 
lower the whole cell performance.46 Both g-VB12 and Pt/C were 20 

subjected to testing the possible crossover in the presence of 1 M 
methanol (Figure 8a). After adding methanol to the electrolyte 
solution, the g-VB12 maintains unchanged current response 
whereas the current response of Pt/C jumps to positive values 
immediately owing to the occurrence of methanol oxidation on 25 

the Pt/C. CO poisoning is also one of the major issues in current 
fuel cell technology,47 so the two catalysts are further exposed to 
10 % (v/v) CO in O2 to test their tolerance to CO poisoning effect. 
As shown in Figure 8b, the g-VB12 electrode is insensitive to CO 
whereas the Pt/C electrode is rapidly poisoned under the same 30 

condition. These results indicate that the g-VB12 has a higher 
selectivity toward ORR and better methanol and CO tolerance 
than the commercial Pt/C. 

Experimental section 

Materials. 35 

The Cyanocobalamin (Vitamin B12) was purchased from 
Sinopharm Chemical Reagent Co., Ltd. The 20 % E-TEK Pt/C 
was bought from Alfa Aesar. The Vulcan XC-72 carbon supports 
was obtained from Cabot Corporation (USA). Graphite powder 
was purchased from Tianjin Guangfu Fine Chemical Research 40 

Institute. Unless otherwise stated, other reagents were of 
analytical grade and used as received. Aqueous solutions were 
prepared with double-distilled water from a Millipore system 
(>18 MΩ cm). 

Sample preparation. 45 

Graphene oxide (GO) was synthesized from graphite powder 
following a modified Hummers’ method. The typical three-
dimensional mesoporous g-VB12 was prepared as follows: 20 mg 
VB12 was added to 5 mL of GO aqueous solution (ca. 4 mg mL-1) 
under vigorous stirring. After freeze-drying of the mixture, the 50 

as-prepared foam was then pyrolyzed under flowing Ar with a 
heating rate of 5 °C min-1 to desired temperatures (600-800 °C) 
and the temperature was kept for 2h. The g-VB12 electrocatalyst 
was finally obtained after the furnace was cooled to room 
temperature. For comparison, pyrolyzed VB12 supported on 55 

carbon black (Vulcan XC-72R) was also prepared under the same 

condition excepting carbon black aqueous dispersion was used 
instead of GO solution. 

Characterizations. 

Scanning electron microscopy (SEM) and energy-dispersive X-60 

ray spectroscopy (EDX) were performed on a field emission 
scanning electron microscope (FE-SEM, XL30ESEM-FEG). 
High-resolution transmission electron microscopy (HRTEM) 
images were carried out on a JEM-2100 microscope operated at 
200 kV. The Brunauer-Emmett-Teller (BET) surface area was 65 

obtained from 77 K N2 sorption isotherms using ASAP 2020 
instrument. XPS measurement was performed on an ESCALAB-
MKII spectrometer (VG Co., United Kingdom) with Al Kα X-ray 
radiation as the X-ray source for excitation. X-ray diffraction 
(XRD) spectra were obtained by a D8 ADVANCE (Germany) 70 

using Cu-Kα radiation with a Ni filter (λ = 1.5406 Å at 30 kV and 
15 mA). 

Electrochemical Measurements. 

Cyclic voltammograms (CVs) were obtained with a CHI 660A 
electrochemical workstation in a conventional 3-electrodes 75 

system. The working electrode was a 3 mm glassy carbon 
electrode (GCE) covered with the catalyst samples. Platinum 
coils and saturated calomel electrode (0.242 V vs. NHE) were 
used as the counter and the reference electrode, respectively. All 
electrode potentials in this work were converted to the RHE 80 

(reversible hydrogen electrode) scale without special description. 
The rotating disk electrode (RDE, d=5 mm) and rotating ring disk 
electrode (RRDE, with a glassy carbon disk of 5.61 mm in 
diameter and a ring made of Pt) tests were measured on a MSR 
Electrode Rotator with CE Mark from PINE Instrument. The Pt 85 

ring potential was set at 1.5 V (vs. RHE) in the RRDE tests. The 
electrolyte used in the ORR test was nitrogen or oxygen-saturated 
0.1 M KOH, and the scan rate was 10 mV s-1. Before use, the 
working electrodes were carefully polished to a mirror finish with 
1.0-, 0.3-, and 0.05- µm alumina slurries, successively and 90 

cleaned by ultrasonication. 
The catalyst ink was prepared by blending the catalyst powder 

(5 mg) with 300 µL water and 110 µL isopropanol and 100 µL 
Nafion aqueous solution (0.5 wt %) and then suffered to 
ultrasonication. 12 µL of the catalyst ink was then pipetted onto 95 

the RDE surface, leading to a catalyst loading of 0.6 mg cm-2. 
The preparation of the VB12/C working electrode was just like 
that of the g-VB12 except g-VB12 was replaced by VB12/C. For 
the commercial Pt catalyst supported on Vulcan carbon black 
(Pt/C, 20 wt % Pt), the working electrode was prepared as 100 

follows: 2 mg Pt/C was dispersed in 970 µL ethanol and 50 µL 
Nafion solution (0.5 wt %) by sonication. 10 µL homogeneous 
ink was then dropped onto the GCE surface, leading to a Pt 
loading of 20 µg cm-2. For the tests based on GCE and RRDE, 
certain amount of catalyst inks were added, leading to the same 105 

catalysts loading as that of the RDE per surface area. 
To obtain the electron transfer number (n), the RDE electrode 

was scanned cathodically with varying rotating speed from 100 to 
2500 rpm in O2-saturated 0.1 M KOH aqueous solution. 
Koutecky-Levich plots (j-1 vs. ω-1/2) were analyzed at various 110 

potentials. The electron transfer number can be calculated from 
the slops of Koutecky-Levich equations as follows:48 
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0.5

k

1 1 1
= +

j j Bω
                                                                   (1) 

2/3 -1/6

0 0
0.2B = nF(D ) v C

                                                  (2) 
where j is the measured current density, jk is the kinetic current 
density, ω is the electrode rotating rate, n represents the number 
of electron transferred per oxygen molecule, F is the Faraday 5 

constant (F=96485 C mol-1), D0 is the diffusion coefficient of O2 
in 0.1 M KOH (1.9×10-5 cm2 s-1), v is the kinematic viscosity of 
the electrolyte (0.01 cm2 s-1), and C0 is the bulk concentration of 
O2 (1.2×10-6 mol cm-3).49 The constant 0.2 is used when the 
rotation speed is expressed in rpm. 10 

For the RRDE measurements, the percentage of H2O2 and the 
electron transfer number were determined by the following 
equations: 

NII

NI

/

/
200%OH

rd

r
22

+
×=

                                              (3) 

NII

I
n

/
4

rd

d

+
×=                                                               (4) 15 

where Id is the disk current, Ir is the ring current, and N is the 
current collection efficiency of the Pt ring. N was determined to 
be 0.38 from the reduction of K3Fe[CN]6, well consistent with the 
manufacturer’s value (0.37). 

Conclusions 20 

In summary, we have successfully designed a Co-Nx complex on 
mesoporous 3D N-doped graphene with outstanding ORR 
performance for alkaline fuel cells. It is notable that this work 
offers a facile and low-cost way to synthesize high performance 
carbon supported transition metal/nitrogen (M-Nx/C) non-25 

precious metal electrocatalyst, whose research stagnated these 
years after several decades of evolution. This novel g-VB12 
possesses excellent electrocatalytic property for ORR in alkaline 
electrolytes, comparable to fresh commercial Pt/C in activity but 
exceeding Pt/C in durability and anti-poison ability in half-cell 30 

test. This catalyst also outperforms the conventional pyrolyzed 
VB12 supported on Vulcan carbon black in both activity and 
durability. The outstanding ORR performance of the g-VB12 
catalyst is strongly associated with its homogeneous distribution 
of numerous Co-Nx active sites. In addition, the well-defined 35 

mesoporous 3D structure, relatively high surface area, and N 
doping to the graphene skeleton are also favorable for the ORR 
activity. Low cost raw materials, facile preparation method, and 
satisfying ORR performance are simultaneously achieved, 
making this g-VB12 a promising non-precious metal cathode 40 

catalyst for alkaline fuel cells. 
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