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A simple and facile synthesis method was used to produce two Co-N/C type oxygen reduction reaction (ORR) catalysts. The 
materials were initially characterized by utilizing a variety of physical methods. Most importantly, the XPS analysis revealed high 

amounts of pyridinic nitrogen and Co-Nx species in the case of both studied Co-N/C catalysts. The electrochemical 
characterization showed that both of the synthesized Co-N/C catalysts have a high ORR activity in acidic media, displaying a 
half-wave potential of 0.70 V vs RHE. Additionally, the effect of varying the catalyst loading was studied and it was found that 

increasing the catalyst loading from 0.1 to 1.8 mg cm
−2

 significantly improved the ORR activity and the electron transfer number. 

Finally, several catalysts were subjected to a week-long stability test in order to establish their activity degradation rates. It was 
found that increased degradation rates of the Co-N/C catalysts were established at decreased catalyst loadings.   

 

 
A considerable amount of the high cost of a PEMFC stack can 

be attributed to the usage of platinum as a catalyst.
1,2

 In addition to 
the already expensive price tag, the scarcity of platinum further 
impedes the large-scale commercialization of PEMFCs.  

In order to overcome this obstacle, attention has been shifted to-
ward developing more inexpensive and economically viable catalyst 

materials.
3–5

 In this area, carbon materials doped with nitrogen and 

various transition metals (M-N/C, where M is usually Fe or Co) have 
shown promising results. Several factors have been shown to influence 
the final catalytic activity of these novel M-N/C catalysts. First, the best 
catalysts so far have been synthesized with either Fe or Co as the 

transition metal.
4–7

 Concerning the choice of the nitrogen source, the 

selection is far more diverse. One possibility is to utilize a nitrogen-
containing organic ligand which forms a stable complex with the metal 
cation. Highly active ORR catalysts have been synthe-sized using a 

wide array of ligands, for instance 2,2’-bipyridine,
8–10

 1,10-

phenanthroline,
10,11

 salen,
7
 2,4,6-tri(2-pyridyl)-s-triazine.

11
 De-spite 

great advancements in improving M-N/C type catalysts, their ORR 
activity in acidic media is still inferior compared to commercial 

platinum catalysts.
5,12,13

 Due to this considerable gap, more research is 

needed to further enhance these alternative catalyst materials.  
Besides activity, another equally important aspect of any ORR 

catalyst is its stability, i.e., the ability to maintain activity toward the 

ORR after continuous utilization of the catalyst. Several authors have 

already presented data concerning the stability of their novel M-N/C 

catalysts in addition to their activity.
3,10,14

 Based on these studies it is 

clear that the stability of these M-N/C type catalysts is severely lack-

ing, especially when measured in acidic media. Accordingly, further 

research is needed to identify and synthesize catalysts with both high 

ORR activity and enhanced electrocatalytic stability.  
An exceedingly important parameter that should be 

acknowledged is the loading of the catalyst. For platinum-based 
catalysts it has been found that varying the catalyst loading has a 

negligible effect on the ORR activity.
15,16

 However, this is not the 
case when considering M-N/C type catalysts. Numerous studies 
have shown that altering the loading of an M-N/C catalyst has a 
serious effect on the electrochem-ical behavior, influencing both the 

half-wave potential and electron transfer number values.
9,13,17–20 

 

 

 
When looking at the catalytic activity of various materials it is im-

portant to consider whether the measurements were done in a solution 

or in fuel cell conditions.
13,20,21

 A number of authors have demon-

strated that transfering a catalyst material into a practical fuel cell 

causes the activity of the material to suffer.
12,22,23

 The rational de-sign 

of cathode catalyst layers containing M-N/C type catalysts will become 
an increasingly more prominent issue in the near future.  

Previously our workgroup used 5 different N precursors to syn-

thesize Fe-N/C type ORR catalysts.
10

 In that study, the most ac-tive 

catalyst materials were obtained with 2,2’-bipyridine and 1,10-

phenanthroline and these compounds were selected as the N pre-cursors 

for the synthesis of our novel Co-N/C type catalysts. In our previous 

work we presented only first results about the activity and sta-bility of 

these Co-N/C materials in acidic media.
24

 The present study provides a 

more detailed analysis of these materials. The catalysts are studied using 

a variety of physical characterization methods. Addi-tionally, one of the 

Co-N/C catalyst was chosen to investigate how the catalyst loading 

influences the ORR activity and the stability. A preliminary relation 

between the catalyst loading and electrochemical stability was 

established. Studying these Co-N/C catalyst materials in fuel cell 
conditions is the next necessary step in determining their true activity 

and the measurements are currently being prepared. 

 

Catalyst Synthesis 
 

A carbon support material for synthesizing the following Co-
N/C catalysts was made from silicon carbide (SiC, 98.5%, 320 grit 

powder, Alfa Aesar) by chlorinating (Cl2, AGA, 99.99%, gas flow 

100 ml min
−1

) the powder at 1100
◦
 C and thereafter activating with 

CO2 (AGA, 99.99%, gas flow 50 ml min
−1

) for 3 hours.
25

 This 
micro-mesoporous carbon was denoted as C.  

A previously proven solution-based method was employed to syn-

thesize the Co-N/C catalysts.
11,24,26

 First, 46 mg of a cobalt com-plex 

compound (hexaamminecobalt(III) chloride, [Co(NH3)6]Cl3, ≥99.0%, 

Fluka) was dissolved in Milli-Q+ water. Next, either 67 mg of 1,10-
phenanthroline (≥99%, Aldrich) or 53 mg of 2,2’-bipyridine 

(ReagentPlus, ≥99%, Sigma-Aldrich) was also dissolved in Milli-Q+ 
water and the resulting nitrogen precursor containing so-lution was 

mixed together with the cobalt compound solution for 1 hour. 
Afterwards, 100 mg of the carbon powder was mixed into the 
previously prepared solution. After 2 hours of mixing with a magnetic 

stir bar and an ultrasonic bath, the solvent was removed with a ro-tary 
evaporator. Finally, the powder was heat-treated in argon (AGA, 
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Figure 1. Outline of the synthesis of Co-N/C catalysts.  

 

99.999%, gas flow 200 ml min
−1

) at 800
◦
 C for 1.5 hours using a 

tube furnace. For both of the Co-N/C catalysts, the synthesis yield 
of the pyrolysis was nearly 70%. The synthesized catalysts were 
named in the text as Co-Phen/C and Co-Bipyr/C (Figure 1). A final 
catalyst ma-terial was synthesized using the previously described 
procedure but with the exclusion of the cobalt complex compound. 
2,2’-bipyridine was selected as the nitrogen precursor and the 
resulting catalyst was named as Bipyr/C.  

A commercial carbon catalyst containing 20 wt% of Pt (Pt-
VulcanXC72, Fuel Cell Earth) was chosen as a reference material 
(named as Pt/V). 

 

Physical Characterization 
 

The synthesized materials were analyzed using various physi-cal 
characterization methods. The transmission electron microscopy 
(TEM) images were obtained with a Tecnai G20 FEI instrument op-
erating with 200 kV accelerating voltage in brightfield mode.  

The X-ray photoelectron spectroscopy measurements were con-
ducted using an electron energy analyzer (SCIENTA SES 100) 
equipped with a non-monochromatic twin anode X-ray tube 

(Thermo XR3E2) and Casa XPS software for data analysis.
27 

 
The amount of cobalt in the Co-N/C catalysts was acquired with an 

inductively coupled plasma mass spectrometer (ICP-MS, Agilent 8800) 
operated in the MS/MS mode and a helium (99.99%, the Linde Group, 

AGA) flow of 6 ml min
−1

 in the collision cell. Prior to the mea-

surements, the samples were dissolved in Aqua Regia (3:1 HCl:HNO3, 

CarlRoth ROTIPURAN Supra acids) at 100
◦
 C for 24 h under reflux 

conditions and centrifuged at 4000 rpm for 20 min.  
The catalyst materials were studied with the low-temperature ni-

trogen sorption method using an ASAP 2020 system (Micromeritics). 

The obtained data was subjected to a 2D non-local density functional 

theory based model for carbons with heterogeneous surfaces to attain 

the pore size distribution. The surface area of the catalyst powders was 

evaluated with the Brunauer-Emmett-Teller (BET) multipoint theory 

applied to the relative pressure range from 0.05 to 0.2.
28 

 
The thermogravimetric analysis (TGA) was conducted with an 

STA 449 F3 Jupiter device. A small amount (∼10 mg) of catalyst 

powder was placed on an alumina crucible, which was raised to and 

held at 30
◦
 C until the sample mass was stabilized. The 

thermogravi-metric curves were registered from 30 to 900
◦
 C at a 

heating rate of 10
◦
 C min

−1
 under a nitrogen flow of 60 ml min

−1
. 

 
Electrochemical Characterization 

 
The catalyst ink was prepared by mixing the synthesized cata-

lyst powder (C, Co-Phen/C, Co-Bipyr/C, Bipyr/C or Pt/V) with iso-
propanol (99.0%, Sigma-Aldrich), Milli-Q

+
 water and a Nafion 117 

solution (∼5%, Sigma-Aldrich, Aldrich Chemistry). The amounts of 
the added liquids were varied to achieve final catalyst loadings of 

 

0.8 ± 0.1 mg cm
−2

 for all catalysts studied. The resulting catalyst 
mixture was then treated in an ultrasonic bath for 1 hour. Finally, 
the catalyst ink was deposited onto polished glassy carbon disk 
electrodes and left to dry overnight.  

Three additional catalyst inks were prepared from both Co-
Phen/C and Co-Bipyr/C to study the effect of the material loading 
on the ORR catalytic behavior. To achieve this, Co-Phen/C or Co-
Bipyr/C powders were mixed with the previously mentioned 
liquids, but the added amounts were chosen so that the final catalyst 

loadings were 0.1 ± 0.05, 0.4 ± 0.1, and 1.8 ± 0.1 mg cm
−2

.  
The electrochemical characterization of the catalyst materials 

was conducted using a three-electrode setup in a glass 
electrochemical cell. Before the experiments, all used equipment 

was washed with concentrated H2SO4 (95.0-97.0%, Sigma-Aldrich) 

and rinsed with Milli-Q
+
 water to ensure a minimal amount of 

contaminants. The measurements were conducted in a 0.1 M HClO4 

solution (67–72% HClO4, Sigma-Aldrich, Fluka Analytical). A 
saturated calomel elec-trode (SCE, REF421, Radiometer analytical) 
and a glassy carbon rod were used as the reference and as the 
counter electrode, respectively. The potential values were converted 
to the RHE scale (the potential of SCE versus RHE was determined 
to be 317 mV). The catalyst materials were studied using the 
rotating disk electrode (RDE) and cyclic voltammetry (CV) 

methods. In the case of RDE the scan rate was fixed at 10 mV s
−1

 
and the rotation speed was varied from 500 to 3000 rpm. For CV 

measurements the scan rate was varied from 5 to 200 mV s
−1

. 
Additionally, the measured current values have been corrected 
against ohmic potential drop (iR-drop) using the resistance value of 
21 ± 1 determined with electrochemical impedance spec-troscopy. 
Four different electrodes with the same composition were prepared 
and measured to confirm the reproducibility of the obtained data. 

 
Results and Discussion 

 
TEM.—The TEM images were used to visualize the structure of 

the carbon support (C) and to study the effects of adding cobalt and 
nitrogen. It can be seen that the unmodified carbon has both 
graphitic and amorphous areas (Figure 2a). Additional TEM images 
taken for the synthesized Co-N/C catalysts (Figures 2b and 2c) 
show layers of amorphous carbon surrounding cobalt nanoparticles, 

as previously shown in our study.
24

 A similar structure was reported 

in a work discussing analogous Fe-N/C catalysts.
26

 In that work, 
however, the Fe particles were covered by well-organized graphitic 
carbon layers, whereas the Co-N/C catalysts discussed presently 
contain predom-inantly amorphous carbon layers. Roughly 100 
nanoparticles were measured to analyze the average cobalt particle 
size of the Co-N/C catalyst. According to the particle size 
distribution (Figure 2d) most of the particles for Co-Phen/C are in 
the range from 20 to 40 nm, whereas for Co-Bipyr/C the distribution 
is spread out and the parti-cles are overall larger in size (from 30 to 
60 nm). Particles of such size have been observed for other Co-N/C 
catalyst materials prepared by utilizing similar synthesis 

methods.
29–31

 Zhou et al.
31

 showed that the size of the Co 
nanoparticles increases with increasing pyrolysis temperature. 

 
XPS.—The synthesized Co-N/C and Bipyr/C materials were sub-

jected to a thorough XPS analysis to study their chemical and elemen-
tal composition (Table I and Figure 3). Figures 3a and 3b show the 
complete and detailed Co2p (inset) regions measured for Co-Phen/C 
and Co-Bipyr/C, respectively. The Co2p peak at around 780 eV ex-
hibits an extremely low intensity peak, which can be deconvoluted into 
three separate peaks. The broad peak at 787 eV is a measurement satel-

lite characteristic to Co3O4.
32

 Two different oxidation states of cobalt 

can be found at 780 eV and 782 eV. The peak at 780 eV can be assigned 
to various cobalt oxides or cobalt carbide, which all display similar 

binding energies.
33

 The second peak has a binding energy almost 

identical to the reported binding energy of Co-N4 moieties.
33

 Metallic 

cobalt was not detected in neither of the studied materials, which can be 
explained by the high surface sensitivity of the method and cobalt  

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. TEM images for materials: (a) C, (b) Co-Phen/C, and (c) Co-Bipyr/C. (d) Particle size distribution for Co-N/C catalysts (noted in Figure).  

 
Table I. XPS data for Co-N/C catalysts. 

 
      Form of nitrogen (%)  
          

Material C (at%) Co (at%) O (at%) N (at%) Pyridinic Co-Nx/ Amine Pyrrolic Quaternary N-O species 
          

Co-Bipyr/C 94 0.5 5.5 1.4 36 26 27 6 6 

Co-Phen/C 94 0.9 3.0 2.2 35 31 22 8 4 

Bipyr/C 96 - 2.9 1.6 5 18 31 43 3 

 
nanoparticles being covered with layers of carbon as illustrated by 
the TEM images. The N1s (Figure 3d) region measured at around 
400 eV for the Bipyr/C and Co-N/C catalysts yields five distinctive 

nitrogen electronic states widely analyzed in previous works:
11,33

 
−36

 pyridinic N at 397.9 eV, Co-Nx/amine N at 399.1 eV, pyrrolic N 
at 400.7 eV, quaternary/graphitic N at 402.6 eV, and N-O species at 
404.7 eV. Most of the nitrogen found in both Co-N/C samples is in 

the pyridinic and Co-Nx forms (Table I and Figure 3d inset), which 
have been proposed as the main components of the active sites for 

the ORR.
11,34

 
−37

 The Bipyr/C sample, however, contains only a 
minimal amount of pyri-dinic N and consists mostly of 
quaternary/graphitic N (Table I and Figure 3d inset). 

 

 
ICP-MS.—ICP-MS was used to quantitatively determine the 

amount of cobalt in the synthesized materials. The measurements show 

that 5.8 wt% of cobalt for Co-Bipyr/C and 3.7 wt% for Co-Phen/C 

remained in the finished catalysts. After converting these val-ues to at%, 

the results were 1.2 at% and 0.8 at% for Co-Bipyr/C and Co-Phen/C, 

respectively. In the case of Co-Bipyr/C, ICP-MS showed an almost two 

times larger amount of cobalt compared to XPS (Table I), which can be 

explained by the encapsulation of the cobalt nanoparticles. For Co-

Phen/C, the cobalt amount values obtained by 

 

ICP-MS and XPS are equal when considering the margin of 
measure-ment errors. 
 

N2 sorption analysis.—The highly porous catalyst materials were 

further characterized using the widely spread nitrogen adsorption anal-

ysis method. A brief analysis of C, Co-Bipyr/C, and Co-Phen/C has 

been presented in our previous work.
24

 The BET surface area (SBET),  
micropore surface area (Smicro), micropore volume (Vmicro), and total pore 

volume (Vtot) values are reported in Table II. Vtot was calculated  
at a relative pressure of 0.95 and Vmicro was obtained using the t-plot 
method supplemented with the Harkins and Jura thickness values for   
the porous adsorption carbon layer between 5 and 90 Å.

38
 The un-

modified carbon has a large surface area and is mostly microporous. 

Bipyr/C displays almost identical surface area and pore volume values 

compared to the unmodified carbon. Modifying the carbon with both a 
nitrogen-containing ligand and a cobalt complex compound notice-ably 

decreases the surface area and pore volume. For Co-Phen/C the surface 

area and pore volume decrease is more prominent. Plotting out the pore 

size distribution reveals that almost all of the pores are around 1–2 nm 
in size for all of the studied materials. In a recent article, Ban-ham et 

al.
13

 demonstrated that extremely high current densities are attainable 

with catalysts consisting primarily of pores <3 nm in di-ameter. It can 

be argued that during the catalyst synthesis the cobalt 

 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. The wide scan and detailed Co2p (insets) XPS spectra for (a) Co-Phen/C and (b) Co-Bipyr/C, and wide scan XPS spectrum for Bipyr/C (c). The 
detailed N1s spectra (d) and the proportion of nitrogen species (inset) for synthesized catalysts (noted in Figure).  

 

Table II. N2 sorption analysis data.  
 

Material SBET / m
2
 · g

−1 
Smicro / m

2
 · g

−1 
Vmicro / cm

3
 · g

−1 
Vtot / cm

3
 · g

−1 

C 1639 1575 0.72 0.83 

Bipyr/C 1579 1439 0.70 0.80 

Co-Bipyr/C 988 960 0.44 0.49 

Co-Phen/C 641 634 0.29 0.32 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. TGA curves measured for the studied materials (noted in Figure).  

 
 

and nitrogen complex compounds adsorb equally in pores of 
different sizes and no significant micropore blockage occurs. 

 
TGA.—Thermogravimetric analysis was conducted to study the 

thermal stability of the catalyst materials (Figure 4). A significant initial 
weight loss at the start of the measurements can be attributed to water 

evaporation. Between 100 to 700
◦
 C both the unmodified carbon and 

Bipyr/C are thermally stable. For these materials, a slightly larger 

weight loss can be noticed starting from around 700
◦
 C, which can be 

related to the desorption of various surface functional groups as CO and 

CO2.
39

 The TGA curve for Bipyr/C catalyst is comparable 

 
with C rather than with Co-Bipyr/C indicating that the doping of the 
carbide derived carbon with Bipyr precursor has not changed the 
microstructure of the carbon (Table II) confirmed by the low 

temperature N2 sorption method.  
The Co-Bipyr/C catalyst displays a more notable weight loss 

than Bipyr/C, which indicates a higher concentration of more 
volatile sur-face compounds due to differences in the surface 
chemistry of the catalysts demontrated by XPS (Table I). 
Additionally, the form of the nitrogen contributing with or without 
metal content influences the ther-mal decomposition of the catalyst. 

A sharper decrease in weight can be seen at around 650
◦
 C and 700

◦
 

C for Co-Phen/C and Co-Bipyr/C, respectively. Overall, Co-
Bipyr/C displayed a higher residual mass than Co-Phen/C. 

 
Electrochemical results.—The background current corrected ORR 

curves measured in 0.1 M HClO4 solution at 3000 rpm for various 

systems are presented in Figure 5. The material synthesized by adding 
only the nitrogen precursor to the carbon support, Bipyr/C, had a nearly 

identical oxygen reduction behavior (E1/2 = 0.25 V vs RHE) compared 

to the base carbon (E1/2 = 0.24 V vs RHE). De-spite the fact that 

Bipyr/C contains a considerable amount of nitrogen (Table I), most of it 

is in the quaternary/graphitic form.
36

 This means that the procedure 

used in this work cannot be used to produce ac-tive N-C type catalysts. 
However, when modifying the carbon support with both nitrogen and 
cobalt the ORR activity increases remarkably  
(E1/2 = 0.70 V vs RHE for both Co-N/C catalysts). The electron trans-

fer number (nL) values (Table III) have been calculated according to 

the Levich equation and using the parameters presented in our previ-ous 

work.
24

 The resulting nL values were found to be 2.1 ± 0.1 for the less 

active catalysts (C and Bipyr/C) and ∼2.7 for the Co-N/C cata-lysts. As 

already discussed in our previous work as well as by other 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Background current corrected ORR curves measured in 0.1 M 

HClO4 solution at 3000 rpm and scan rate 10 mV s
−1

 for the studied cat-
alyst materials: C (1), Bipyr/C (2), Co-Phen/C (3), Co-Bipyr/C (4), and Pt/V 
(5). Inset- corresponding Tafel plots.  

 
Table III. Half-wave potential and electron transfer number 

values for the studied catalyst materials. 
 

Material 

 nL (calculated at 

E1/2 (V vs RHE) E = 0.17 V vs RHE) 

C 0.24 ± 0.01 2.1 ± 0.1 

Bipyr/C 0.25 ± 0.01 2.1 ± 0.1 

Co-Bipyr/C 0.70 ± 0.01 2.7 ± 0.1 

Co-Phen/C 0.70 ± 0.01 2.6 ± 0.1 

Pt/V 0.83 ± 0.01 3.8 ± 0.1 

 

authors,
4,24,40–42

 this means the addition of both a transition metal 
and nitrogen creates new active sites which promote either the direct 
re-duction of oxygen to water or the 2 + 2-electron pathway. 
Despite the large increase in activity, the synthesized Co-N/C 
catalysts are still notably less active than the commercial Pt/V 
catalyst which displays a half-wave potential of 0.83 V vs RHE and 
a high electron transfer number of 3.8 ± 0.1.  

The considerable oxygen reduction activity of the synthesized 
Co-N/C catalysts can be related to the similar nitrogen composition 
of both catalysts (Table I and Figure 3d inset). More specifically, 
both Co-Bipyr/C and Co-Phen/C have high amounts of pyridinic 

nitrogen and Co-Nx species, which have frequently been tied to high 

ORR activity.
9,11,34–37

 In contrast, the metal-free Bipyr/C contains 
only a small amount of pyridinic nitrogen. This significant disparity 
sug-gests that the active sites in the catalysts under study are related 

to either pyridinic nitrogen or Co-Nx species.  
Using the Koutecky-Levich analysis data, the Tafel plots were 

constructed for all studied catalysts (Figure 5 inset). For both Co-
N/C catalysts it is possible to divide the plots between two linear 
regions with two different slope values, ∼60 mV dec

−1
 in the low 

current density region and ∼120 mV dec
−1

 in the high current 
density region. This result suggests that the mechanism of the ORR 
changes depending on the applied voltage. It has been proposed that 
in the case of 60 mV dec

−1
 oxygen adsorption can be simulated 

using the Temkin isotherm and for 120 mV dec
−1

 by the Langmuir 
isotherm.

43
 The Tafel plot values obtained for unmodified C and 

Bipyr/C are significantly higher (∼145 mV dec
−1

), indicating 
considerably more sluggish ORR kinetics.

44 

 
Catalyst loading studies.—To gain insight into how the catalyst 

loading affects the oxygen reduction behavior, electrodes with vari-ous 

loadings of Co-Phen/C and Co-Bipyr/C were prepared and studied using 

the CV and RDE method. Figure 6a shows the oxygen reduc-tion CV 

curves measured for both catalysts at loadings ranging from 0.1 ± 0.05 

to 1.8 ± 0.1 mg cm
−2

. Increasing the catalyst loading 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. CV curves for (a) Co-Phen/C and (inset) Co-Bipyr/C catalysts with 

various catalyst loadings (noted in Figure) measured at scan rate 5 mV s
−1

. 
(b) Background current corrected RDE data for Co-N/C catalysts with 
various catalyst loadings (noted in Figure) at 3000 rpm and scan rate 10 mV 

s
−1

. Measured in 0.1 M HClO4 solution. 

 

 
significantly increases the intensity of the oxygen reduction peak 
and slightly shifts the peak toward more positive potential values. 
Addi-tionally, the capacity of the catalyst increases with electrode 
loading indicating that the loading has a considerable effect on the 
capacitive behavior of the catalyst.  

The RDE measurements confirm the results obtained using CV 
and it can be seen that the oxygen reduction activity of the mate-rial 
strongly depends on the catalyst loading (Figure 6b). Electrodes 

with the lowest loading (0.1 ± 0.05 mg cm
−2

) display substantially 
smaller currents than electrodes with higher loadings in both the 
mixed-kinetics and mass transfer limited regions. It is interesting to 

mention that for the catalyst with the loading of 0.1 ± 0.05 mg cm
−2

 
the diffusion limited current region has not properly developed into 
a plateau. As the catalyst loading is increased, the electrode half-
wave potential shifts toward more positive values. This occurrence 
can be explained by the larger amount of active sites which in turn 

decreases the overpotential.
13 

 
Calculating the value of nL (corresponding to the different catalyst 

loadings) reveals that varying the loading has a significant effect on the 
outcome. The catalysts with larger loadings (1.8 ± 0.1, 0.8 ± 0.1, and 

0.4 ± 0.1 mg cm
−2

) all exhibit similar nL values of 2.6 ± 0.2. However, 

decreasing the catalyst loading down to 0.1 ± 0.05 mg cm
−2

 reduces the 

electron transfer number to 2.0 ± 0.1, which is comparable to the 
unmodified carbon. This occurrence can be explained by the highly 
porous structure of the studied catalysts. A larger catalyst loading means 
the produced hydrogen peroxide molecules have to travel a longer 
distance before exiting the porous structure, thus having a higher chance 
of interacting with another active site and reducing further, as clearly 

demonstrated by Bonakdarpour et al.
17 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7. Tafel plots calculated from RDE data for the catalysts (a) Co-Phen/C 
and (b) Co-Bipyr/C at various loadings (noted in Figure) when considering 

current densities. The 60 mV dec
−1

 and 120 mV dec
−1

 lines correspond to the 

theoretical slope values. (c) Tafel plots calculated from RDE data for Co-N/C 
catalysts at various loadings when considering specific currents.  

 

 
Using the Koutecky-Levich analysis, Tafel plots were constructed 

for all studied catalyst loadings (Figures 7a and 7b). Constructing the 

Tafel plots while considering the specific currents (A g
−1

) instead of 

current densities (A m
−2

) reveals that the resulting Tafel plots overlap 

(Figure 7c). This could indicate that the inherent reaction mechanism 
for the studied catalyst material does not depend on the loading.  

The Co-N/C catalysts synthesized in the present work were com-
pared to similar catalysts synthesized with iron (Fe-Phen/C and Fe-
Bipyr/C). When using cobalt instead of iron as the transition metal, 
the half-wave potential value of the catalyst can be improved by 40 

mV.
10

 From this result, it can be argued that the choice of the used 
transition metal (either Co or Fe) during the synthesis affects the 

final catalytic activity.
7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Change in potential at jc = −25 A m
−2

 after the stability mea-surements 

for various catalyst materials (noted in Figure) and inset- electrode potential at a 

fixed current density (−25 A m
−2

) measured at 24 h intervals. 

 
Stability tests of the catalysts.—The electrochemical stability 

tests with a duration of 140 hours were carried out using the same 

method described previously by our workgroup.
10,24,26

 The 
voltammograms at rotation rates of 1000, 2000 and 3000 rpm were 
measured at roughly 24 h intervals. Between the activity 
measurements the catalysts were constantly cycled in an argon 

environment at 1 mV s
−1

 from 0.21 to 1.23 V vs RHE.  
The catalysts Co-Bipyr/C and Co-Phen/C with similar loadings of 

0.4 ± 0.1 mg cm
−2

 were subjected to the stability test. In our previous 

work we established that both of the studied Co-N/C catalysts exhibit 
decreased current density values in both the mixed kinetics and 

diffusion-limited regions as a result of the stability measurements.
24 

 
The beginning-of-test and end-of-test performances of the cata-lysts 

at jc = −25 A m
−2

 were assessed and the change in potential is presented 

in Figure 8, while Figure 8 inset shows the electrode potential measured 
at roughly 24 h intervals. A considerable perfor-mance decline was 
noted in the case of both catalysts. The calculated potential difference 
values correspond to electrode potential decrease speed values of 0.7 

and 0.6 mV h
−1

 for Co-Bipyr/C and Co-Phen/C, respectively. Thus, 

both of the synthesized Co-N/C catalysts display comparable 
degradation rates, which can possibly be attributed to their similar 
chemical composition as determined by XPS.  

For comparison the stability of the Pt-V catalyst was assesed un-
der similar conditions. The results of the measurements (Figure 8) 
indicate that the electrode potential of the commercial Pt/V catalyst  
decreased by only 10 mV, which corresponds to a degradation rate 

of 0.1 mV h
−1

.  
Additional stability tests were conducted with reduced loadings 

(0.1 ± 0.05 mg cm
−2

) of Co-Phen/C and Co-Bipyr/C. At jc = −25 A 

m
−2

 the calculated performance declines were 2.1 mV h
−1

 and 1.6 

mV h
−1

 for Co-Phen/C and Co-Bipyr/C, respectively. A first com-
parison reveals that differences in Co average particle size observed 
by TEM (Figure 2d) seem to influence the stability at reduced load-
ing. The experimental data revealed that the catalysts with reduced 
loadings suffered from significantly larger decreases in activity than 
the catalysts with larger electrode loadings (Figure 8) indicating that 
the stability of a catalyst strongly depends on the loading. This 
means an increased loading significantly contributes toward a 
material be-ing more stable in regard to oxygen reduction, possibly 

due to the considerably smaller amount of produced H2O2.
45 

 

Conclusions 
 

In this work we presented physical and electrochemical character-

ization results of our novel Co-N/C type catalysts based on activated 

silicon carbide derived carbon. The catalyst materials were synthe-sized 

using a simple and robust one-pot synthesis method. The phys-ical 

characterization revealed that both of the Co-N/C catalysts had 



 
similar nitrogen compositions and were mostly comprised of microp-

ores. The validity of the chosen synthesis method was confirmed by the 
electrochemical measurements in acidic media, which revealed that co-

doping the carbon support with Co and N increased the half-wave 

potential from 0.24 V up to 0.70 V vs RHE. Compared to a similar Fe-

Phen/C catalyst synthesized in our previous work, the Co-Phen/C 

catalyst presented in this work is more active toward the ORR with a 40 

mV more positive half-wave potential value. Varying the loading of the 

Co-Phen/C and Co-Bipyr/C catalysts had a significant impact on the 

electrochemical activity. It was shown that reducing the catalyst loading 

down to 0.1 ± 0.05 mg cm
−2

 lowered the electron transfer number from 

2.6 to 2.0, possibly due to the decreased likelihood of H2O2 reducing 

further in another active site.  
Both Co-N/C catalysts were subjected to a stability test, which 

revealed that as a result of 140 hours of potential cycling, these 

materials exhibited similar degradation rates of 0.6 mV h
−1

 and 0.7 mV 

h
−1

 for Co-Phen/C and Co-Bipyr/C, respectively. More im-portantly, it 
was shown that Co-Phen/C and Co-Bipyr/C with reduced loadings (0.1 

± 0.05 mg cm
−2

) displayed larger performance declines of 2.1 mV h
−1

 

and 1.6 mV h
−1

, respectively. These results suggest that reducing the 

catalyst loading has a negative impact on both the stability and activity 
of the catalysts under study.  

Determining whether the synthesized Co-N/C catalysts retain 
their activity in fuel cell conditions is the next necessary step and 
the measurements are in progress. 
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