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Abstract 
For polymer-electrolyte-membrane fuel cells (PEM-FC), platinum catalysts on carbon based 

substrates are state of the art, due to high electrochemical activity and chemical stability in 

acid electrolytes. High costs of platinum forces investigations of alternative catalysts. With 

respect to the oxygen reduction reaction, possible candidates are transition metal (TM) 

complexes like TM-porphyrines or TM-phthalocyanines. Pyrolysis on carbon based substrates 

improves the catalytic activity. Highest activities were found for Fe or Co as transition metal 

centers.  

We present results of the pyrolysis of Co-phthalocyanine (CoPc) on carbon black. Beside an 

investigation of morphology by scanning electron microscopy (SEM) and chemical 

composition by energy dispersive X-ray spectroscopy (EDX) and X-ray photoelectron 

spectroscopy (XPS) during pyrolysis, we present a near edge X-ray absorption fine structure 

(NEXAFS) study of the chemical composition for the related annealing steps. This 

investigation is accompanied by an electrochemical characterization of the catalytic activity 

and selectivity.   

The XPS and NEXAFS data indicate a decomposition of the CoN4 (chelate-) complex during 

pyrolysis. The N1s data for 800°C show graphite-like, formally pyrrolic and pyridinic like 

features, without any significant contribution of Co. The Co2p data for both, XPS and 

NEXAFS are dominated by CoO/Co2O3. It can be concluded that during the pyrolysis cobalt 

particles are formed by the disintegration of CoN4-centers, after pyrolysis these particles 

become oxidized upon contact with air.   
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1. INTRODUCTION 
As catalysts for reduction of oxygen, chelate complexes with planar coordination of the 

transition metal by four nitrogen atoms (MeN4) are promising candidates. For non pyrolyzed 

CoPc, a catalytic activity for reduction of oxygen is already shown by Jasinski, in 1964 1 . 

The catalytic reaction of these complexes is located at the MeN4-centers, but stability and 

efficiency is low. Later research revealed that a thermal modification in inert atmosphere at 

600°C to 1000°C leads to improved activity, current density and stability 2, 3, 4, 5, 6 .  On 

the other hand, a destruction (partially or complete) of these centers will appear that depends 

on the pyrolysis conditions (temperature, dwell time). Therefore, after pyrolysis the number of 

MeN4-centers will be lower, while the kinetic current densities towards oxygen reduction 

reaction (ORR) become higher. As a consequence, the nature of these centers is still under 

discussion, whereas the knowledge would be important for a further improvement of such 

catalysts. 



2 

 

Catalysts on the basis of Co-N-C shows excellent results in terms of the ORR, for example as 

cobalt-polypyrrole-carbon composites, showing stable fuel cell operation, comparable to 

standard Pt/C catalysts 7 . The family of catalysts derived from iron, cobalt and polyaniline 

as a precursor to a carbon nitrogen template for high temperature synthesis of catalysts show 

good performance stability, high ORR potential and excellent four electron selectivity, with a 

hydrogen peroxide yield of smaller than 1% 8 . Also the  Co
2+

/Co
3+

- system becomes very 

important recently again, due to the high catalytic activity. In combination with graphene, this 

system is applied in dye sensitized solar cells 9 . Another important example is the wireless 

solar water splitting using silicon-based semiconductors and Co
2+

/Co
3+

- catalysts for oxygen 

reduction. The influence of the valence of the Co with reference to catalytic activity is an 

open question here 10 . 

In this contribution, we report on as prepared carbon-supported CoPc and catalysts, prepared 

at different pyrolysis temperatures between 300°C and 1000°C. Such catalysts, based on 

macrocycles and carbon substrates are much better defined than above mentioned examples 

and suitable for an analysis of the structure of the catalytic centers. Of important relevance is 

the chemical analysis of the metallic Co part and the N-C interaction during pyrolisis. This 

motivates an analysis using methods giving information on the chemical state of the involved 

molecules and elements. Another important issue is the use of methods with different 

information depth to distinguish between surface and volume of the catalysts. As volume 

sensitive method, we use EDX with an information depth in the order of 1µm 11 . As surface 

sensitive method, we use XPS with an information depth of around 1nm 12 . Also, the 

NEXAFS analysis is performed in the surface sensitive total electron yield (TEY) with an 

information depth of approximately 5nm 13 . Beside these methods, we investigate the 

morphology of the catalysts by SEM. The catalytic activity of those samples is tested by 

rotating disk electrode measurements in acidic environment. 

 

2. EXPERIMENTAL 
I. Sample preparation 

Previous to the heating processes, CoPc (Alfa Aesar) was impregnated on a carbon support 

(Channel Type black, NCPEX 160-IQ, Degussa, BET = 150 m²/g) in order to increase the 

active surface area. For an optimized surface area of the catalytic centers on the carbon 

support, an impregnation step is necessary. We follow the same preparation route as reported 

in ref. 14 , whereas different macrocycles and carbon precursors were utilized. The CoPc 

(311mg) is dissolved in 200ml tetrahydrofurane and a suspension with 910mg carbon black is 

homogenized in an ultrasonic bath for 1h. The solvent is removed in a rotation evaporator for 

20min and dried afterwards in air at 80°C (1.5 hours in oven). After impregnation, the 

samples are pyrolyzed in nitrogen for 30 min at either 300°C, 800°C, 1000°C. No acid 

leaching was performed. The pure CoPc is characterized as a reference; the precursor mixture 

(CoPc/C) is investigated without any further treatment, as well as for each annealing 

temperature. The expected composition in atomic-% for the pure CoPc and the CoPc/C-

precursor is given in Table 1. 

 

II. Physicochemical characterizations 

The morphological analysis is performed by a digital scanning electron microscope (ZEISS 

DSM 962), in elemental contrast and accompanied EDX. The chemical composition is 

measured by using internal standards. Photoelectron spectroscopy (XPS) is performed by 

using MgK  radiation. An EA125 semispherical electron analyzer made by Omicron 

NanoTechnology GmbH is used 15 . The elemental ratios are calculated from the XPS 

intensities, modified with the specific atomic sensitivity factors (ASF) 16 . The near edge X-
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ray absorption fine structure (NEXAFS) investigation is done at the undulator beamline 

U49/2-PGM2 at the BESSY-II synchrotron in Berlin/Adlershof.   

The electrochemical properties of the catalysts are evaluated by using a standard three-

electrode setup (Pine Instruments) for cyclovoltammetry (CV) and rotating disc electrode 

measurements (RDE). The glassy carbon disc of the RDE was used as working electrode. For 

the preparation of the catalyst layer 2mg catalyst are suspended in 200µl Nafion solution (0.2 

weight-% Nafion in H2O/ethanol) and, ultrasonically mixed for 30min. 7.5 µl of this 

suspension are dropped on the working electrode, resulting in a load of 0.38mg/cm². 

Measurements were performed in 0.5 M H2SO4, a platinum wire was used as counter 

electrode, and a Hg/Hg2SO4/0.5M H2SO4 electrode as reference electrode (0.68 V vs. SHE). 

Due to the noble metallic character of the Pt- counter electrode, a possible contamination of 

the working electrode during the measurement time is suppressed.  Open circuit potentials 

were determined after 20 min of purging the electrolyte with oxygen, values refer to the 

standard hydrogen electrode (SHE). The RDE data are recorded at four different rotation 

speeds (100, 200, 400 and 900rpm). According to the standard procedure 17, 18, 19 , a 

correction of the capacitance is done by using the difference in current density of a O2 and N2 

saturated solution.  Based on these data, an extraction of the kinetic current density according 

to Levich-Koutecky is performed. The relative content of H2O2 production is measured with 

an additional Pt ring electrode, by using the current for the oxidation reaction 

eHOOH 22222
(at 1.4V).   

 

 

3. RESULTS 
I. EDX and SEM analysis  

Investigations of morphology and EDX are performed for the pure CoPc and the mixtures in 

their annealed stages. The SEM analysis of the surface morphology shows a slight sintering 

effect during pyrolysis. This might be related to the smaller surface area of the used carbon 

support in comparison to the one employed in Kramm et al. [14]. The bulk information of the 

chemical composition is revealed by EDX. The results in atomic-% are summarized in Table 

2, were the numbers in brackets gives percentages only related to Co, N and C, without 

oxygen.   

For the pure CoPc, the precursor CoPc/C and the sample, annealed at 300°C, the EDX 

composition of Co, N and C is almost as expected, compared to table 1. The absolute values 

for Co and N are unchanged within the uncertainty of the method. For T ≥ 300°C no nitrogen 

can be detected anymore. The content of Co increases up to 800°C, but although no acid 

leaching was performed becomes again lower at 1000°C. Also a content of oxygen is detected 

for all samples. 

II. XPS measurements 

X-ray photoelectron spectroscopy was used to investigate the evolution of chemical bonds of 

N, Co and C induced by pyrolysis. The charging effect is corrected with respect to the XPS 

binding energy of the C1s (EBind. = 284.5 eV) signal.  

The variation of energies for nitrogen-metal ( ) and nitrogen-carbon ( ) bonds is visible in 

the N1s spectra (Figure 1), with good resolution 20 . The resolution of the Co2p range 

(Figure 2 A) in terms of this information is lower. In table 3 we show the elemental 

composition in atomic-% (Co, N, C, and O) for the references and the annealed samples. 

Again, the composition related only to the sum of Co, N and C is indicated in brackets. If we 

compare the absolute values for N of the bulk sensitive EDX data (table 2), and the surface 

sensitive XPS data, we have to conclude, that N is collected at the surface of the catalysts, the 

most likely active catalytic site. In addition, for an annealing temperature of 800°C, the 

absolute value for the content of N shows a maximum. As revealed by our RDE 
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measurements, also the current per gram catalyst show a maximum for this temperature. This 

is a first link to a conclusion that N is an important part of the catalytic activity.  

The ratio N/Co and O/Co is also given. An analysis in relation to the content of carbon is not 

significant, because the XPS signal integrates over the carbon support and the catalytic 

centers. Up to 300°C, the ratio for N/Co remains constant, with a decreased value for 800°C. 

This indicates a preferred decomposition of the MeN-centers.  The lower content of cobalt at 

1000°C could be interpreted as an encapsulation effect (Co or the oxides in carbon matrix), 

this is also discussed for Fe-porphyrine 17 .  

 

In Figure 1, we show our N1s XPS data for the pure CoPc, the CoPc/C precursor and the 

samples annealed at 300°C, 800°C and 1000°C. For the N1s signals, a further correction was 

necessary due to a nonlinear relation between the charge correction and the actual binding 

energy of the peak. For this purpose, the binding energy of the pure CoPc-N1s signal is set to 

399.3eV, according to data measured by Höchst et al. 21 . This difference between charge 

correction and nonlinearity is -1.37eV and is added to all N1s signals.  

The shape of the N1s signal of the pure CoPc is characteristic for phthalocyanines: a slightly 

asymmetric peak at 399.3eV (after above mentioned correction). This peak reflects the 

configuration of the CoN4 center as a mesomeric bridging of the Co
2+

 ion with ideally four 

equivalent nitrogens 20, 22, 23 . The asymmetric part of the N1s peak, centered at 400.9eV 

in average is related to the difference in bonding between the aza nitrogens and the central 

nitrogens, that bond the Co
2+

 ion 21 . This peak configuration is stable after pyrolysis at 

300°C, indicating the stability of the phthalocyanine molecule. After annealing at 800°C (and 

1000°C), the peak structure is split up into two main peaks, located at 400.6eV 

(FWHM=2.23eV) and 398.6eV (FWHM=2.0eV). The fit for these samples is performed with 

two Gaussian in this region, a lower contribution, located at 
~
399.3eV that would indicate a 

Me-N bonding is not excluded, here. Further, a peak at 402.9eV (FWHM=3.52eV) can 

presumably be assigned to N-O bonds 24 . The new peak at 398.6eV has to be attributed to 

N, bonded with two C atoms as in pyridine 24, 25 . Compared to the spectra for the samples 

with lower annealing temperatures, the contribution at ~400.6eV is strongly increased at 800 

and 1000°C. This peak should be interpreted as a formally pyrrolic part, a nitrogen that has 

three neighbours, according to Pels et al. 25 . After pyrolysis at 1000°C, this contribution 

becomes stronger.  

 

The spectrum for the sample of CoPc/C, pyrolyzed at 800°C is representative for the best 

catalytic activity. The N1s spectrum is determined mainly by signals according to C-N bonds, 

a contribution of the MeN signature is low. Curve fitting with a feature at ~399.3eV, related 

to the MeN-center, gives an amount of only 2% or lower for that, for all parameters free. 

From these data, we propose, that catalytic activity of the CoPc is preferential governed by the 

formation of C-N bonds, and not by catalytic centers of Co
2+

, bonded in the carbon matrix via 

the nitrogen atoms. For pyrolyzed Fe-porphyrines, the N1s-spectra show a significant 

mesomeric part after pyrolysis up to 1000°C, whereas also distorted FeN4 centers were 

present 14 .    

 

In figure 2A, we show the Co2p-spectra for our set of samples. The spectrum of the sample, 

pyrolyzed at 800°C, shows a broadened peak with an additional feature at higher binding 

energies, at around 786eV. The O1s signal shows a broadened structure for elevated 

temperatures, with an additional component at lower binding energies. This is also an 

indication for an oxidation. We propose that cobalt – set free by the disintegration of CoN4-

centers - subsequently reacts with oxygen after removal from the oven. For nanosized cobalt 

and annealing temperatures of about 300°C, a preferred oxidation into a distinct CoO/Co2O3 

phase composition is reported, recently 26 . This phase has to be considered as a non uniform 
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composition, a rock salt type CoO with octahedral coordination of the Co
2+

 and a spinel type 

Co2O3 with tetrahedral and octahedral coordination of the Co
3+

 27 . The broad shoulder at 

786eV is also reported for Co2p3/2 XPS data of oxidized Co nanoparticles, consisting of 

CoO/Co2O3. An oxidation of the Co of such kind is also confirmed by our NEXAFS 

investigation.   

 

III. Near Edge X-ray Absorption Fine Structure (NEXAFS) 

Information on the unoccupied states is given by NEXAFS in TEY mode, the further surface 

sensitive method.  In figure 3A and 3B, we show the N1s and the Co2p spectra for the 

references and pyrolyzed samples (at 300, 800 and 1000°C). Similar to other MeN4 

complexes, our spectra demonstrate that the CoPc molecule is still stable at 300°C [28, 29, 

30].  

The N1s spectra up to 300°C shows significant peaks at 398.4, 399.1, 400.5 402.5 and 

406.4eV. The main peak at 398.4eV has to be assigned to an excitation from the mesomeric 

N1s core level with a binding energy of 399.3eV. Due to a rearrangement of the charge 

distribution during excitation, the energy for a 1s-> * transition is lower than the binding 

energy, as revealed from XPS.  

After an annealing at 800°C, the electronic structure of the sample is completely different. 

The absorption is slightly shifted to a broadened peak with features at 399.0, 399.8 and 

401.4eV. If we assume an oxidation of Co with a low content of MeN bonds, this new peak 

structure should be preferentially assigned to different N-C bonds. Important is the 

identification of the new peak at 401.4eV, now with highest intensity in this group. For 

nitrogen doped carbon samples without Co, Niwa et al. 31  published NEXAFS data for the 

N1s edge: a characteristic signature with a broad * system at ~399.1, ~400.1 and ~401.5eV. 

Their interpretation is as follows: an sp2 hybridized pyridine like nitrogen for 399.1eV, a 

cyanide like nitrogen with a triple bond for 400.1eV and a graphite like nitrogen that has three 

carbon neighbors for 401.5eV. The dominating NEXAFS peak at 401.4eV for 800°C and 

1000°C has to assigned to graphitic nitrogen in conclusion. Also in our XPS- analysis, a 

graphitic component becomes important for pyrolysis at 800°C, as a formally pyrrolic part.  

Due to the significance of these new signals after pyrolisis at 800 and 1000°C, the catalytic 

activity should be preferentially governed by the formation of graphitic nitrogen.   

The catalytic activity of graphitic nitrogene is confirmed by doped graphene: Experimentally, 

a direct ORR with a four-electron transformation process is shown experimentally for alkaline 

fuel cells, using nitrogen doped graphene 32 . The four electron pathway is confirmed by 

density functional theory (DFT) calculations 33 . Other pathways, like two plus two reaction 

steps are excluded, due to energetically reasons. For each ORR step of the four electron 

transfer, the simulated system energy decreases. In consequence, the four electron 

transformation reaction can spontaneously occur on the nitrogen, incorporated into the 

graphene lattice. In a further publication by Ni et al. 34  the energy barrier of O2 dissociation 

of graphene for several types of nitrogen doping is also simulated using DFT calculations. In 

particular, it was shown, that the graphitic nitrogen decrease the energy barriers more 

efficiently than pyridine –like nitrogen.   

In the Co2p spectra, the peak at 781.5 eV as found up to 300 °C for CoN4 is suppressed. Thus, 

at 800°C, the CoN4 complex seems basically decomposed. The structure of the Co2p3/2 edge 

up to 300°C is further typical for a planar D4h coordination of the Co
2+

-ion, here the CoN4 

complex of the CoPc 35 . In contrast, an octahedral Oh symmetry dominates the sample after 

annealing at 800°C.  An octahedral environment causes a splitting into two levels with eg and 

t2g symmetry.  The satellite structure with features A (778.8eV), B (779.3eV) and C (780.0eV) 

is an indication for Co
2+

 cations with partially filled eg character as found for octahedral 

coordinated bulk CoO [36, 37]. For nanosized cobalt and temperatures of about 300°C, an  

oxidation into a CoO/Co2O3 phase composition is suggested 26 . NEXAFS data are 
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interpreted as a superposition of the CoO and Co2O3 part. Compared to the result of 26 , the 

satellite structure with the A, B, C position and also the relative intensity is almost identical.  

Due to our NEXAFS result, it is reasonable to assume an oxidation into such CoO/Co2O3 

phase composition for the residual cobalt. 

For perovskite oxide catalysts, a correlation of oxygen reduction reaction (ORR) activity in 

alkaline medium and the *-orbital (eg) occupation was found 38 . Also for spinel like 

oxides a catalytic activity is known 31 .  Therefore, it is possible that any of the oxides found 

at 800 °C might contribute to the ORR activity.  

 

 

IV. Analysis of electrochemical properties 

The open circuit potential (OCP) of our set of samples in O2 saturated solution is shown in 

figure 4A as a function of the annealing temperature. The values indicate a mixed reduction of 

oxygen to water (E
0
 = 1.23V) and hydrogen peroxide (E

0
 = 0.68 V). The OCP is increased 

after annealing at ≥ 800 °C, indicating that the selectivity towards the preferred direct four-

electron transfer (direct reduction) is highest at 800°C. This tendency is also confirmed by 

rotating disc electrode (RDE) measurements whereas all investigated catalysts exhibited very 

high formation of hydrogen peroxide (> 15 % at 0.6 V). Our RDE analysis is plotted in figure 

4B. Here, the kinetic current in A/g catalyst at 0.75V shows a maximum of 0.3A/g for a 

pyrolisis temperature of 800°C. The relative amount of H2O2 at 0.4V applied potential is also 

shown in figure 4B. The content of peroxide production is 32.4% at 800°C, for an annealing 

temperature of 900°C, this content is lower (16.2%). The values for the current density are in 

the expected range for pyrolized CoPc/C catalysts 39, 40 . The Tafel slope S, derived from 

the current density is (145mV/dec)
-1

 for both, the precursor and the sample, annealed at 

300°C. For the number n of transferred electrons, according to S=0.43(1- )nF/RT, we extract 

a value of 0.8. Here, a symmetry factor  of 0.5 is assumed. For the set of samples pyrolized 

at 800°C and 1000°C, the number n of transferred electrons is increased, we find a value 1.1, 

for an S value of (106.4mV/dec)
-1

.  

The catalytic activity and selectivity for all investigated pyrolysis temperatures, however, are 

lower for these CoPc-based catalysts in comparison to Fe-porphyrin-based catalysts: For 

CoPc at 800°C, the current density (at 0.75V) is 0.3A/g, the relative H2O2 production (at 

0.4V) is 32.4%. Compared to those values, for a FeTMPPCL 

(irontetramethoxyphenylporphyrine) catalyst on carbon black, the the current density is 

1.48A/g and the relative H2O2 production is 2.8%, also at 800°C 14 . This might further be 

originated in a different type of active sites. 

 

 

4. SUMMARY 
Up to an annealing temperature of 300°C, the XPS and NEXAFS investigations confirm the 

stability of the CoPc molecule. For pyrolysis at 800°C and 1000°C, a significant reduction of 

the CoN4 complex is measured, with an accumulation of N at the surface of the catalyst.  The 

peak structure of both, the N1s range for XPS and NEXAFS is related predominantly to C-N 

centers. For high temperatures, a feature at 400.6eV (XPS) and 401.4eV (N1s-NEXAFS) 

becomes important. We propose a relation of this peak preferentially to a nitrogen in 

substitutional graphite sites. The Co2p data indicates an oxidation of the metallic part. The 

XPS and NEXAFS data suggest a formation of a phase composition, consisting of 

CoO/Co2O3, significant for nanosized and oxidized cobalt. The cobalt nanoparticles are 

formed by the disintegration of CoN4-centers during the pyrolysis. An oxidation should be 

possible during contact with air.  
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Probably, the ORR catalytic activity is preferentially covered by the graphitic nitrogen after 

pyrolysis. Also, the oxidized cobalt should contribute as a catalytic center. Further, CoN4 

centers are not completely excluded here. Independent of the nature of the active site, the 

selectivity for a direct ORR is small compared to Fe-porphyrin-based catalysts.  

 

Acknowledgements  

We gratefully acknowledge S. Vieth, M. Uhlmann and P. Meinhardt (BTU Cottbus) for the 

annealing experiments under inert gas. Furthermore, we acknowledge W. Wiehe and W. 

Garkas for the SEM and EDX analysis. Finally, it is a pleasure to acknowledge the skilful 

experimental assistance of P. Hoffmann and G. Beuckert as well as of the BESSY team.  

 

 

5. REFERENCES 
[1]   R. Jasinski, Nature (London) 201 (1964) 1212. 

[2] J.A.R v. Veen, J.F.v. Baar, K.J. Kroese, J. Chem. Soc., Faraday Trans. 77 (1981)  

2827. 

[3]  D. A. Scherson, A.A. Tanaka, G.P. Gupta, D.A. Tryk, C. Fierro, R. Holze, E. Yeager, 

R. Lattimer, Electrochimica Acta 31 (1986) 1247. 

[4] J. A. R. v. Veen, H.A. Colijn, J.F.v. Baar, Electrochimica Acta 33 (1988) 801. 

[5]  M. Bron, S. Fiechter, P. Bogdanoff, H. Tributsch, Fuel Cells 2 (2002) 137. 

[6]  P. Bogdanoff, I. Herrmann, M. Hilgendorff, I. Dorbandt, S. Fiechter, H. Tributsch, J. 

New. Mat. Electrochem. Systems, 7 (2004) 85. 

7  R. Bashyam, P. Zelenay, Nature  443 (2006) 63. 

8  G. Wu, K.L. Moore, C.M. Johnston,  P. Zelenay, Science 332 (2011) 443. 

9  L. Kavan, J.H.Yum, M.K. Nazeeruddin, M. Grätzel, ACs Nano, published online 

10.1021/nn203416d. 

10  S. Y. Reece, J. A. Hamel, K. Sung, T. D. Jarvi, A. J. Esswein, J. J. H. Pijpers, D. G. 

Nocera, Science 334 (2011) 645. 

11  T. Buonassisi, A.A. Istratov, M.A. Marcus, M. Heuer, M.D. Pickett, B. Lai, Z. Cai, 

S.M. Heald, and E.R. Weber, Solid State Phenomena 108-109 (2005) 577. 

12  C. Wagner, W. Riggs, L. Davies, J. Moulder, G. Mullenberg (Editor), Handbook of X-

Ray Photoelectron Spectroscopy, Perkin Elmer Corporation, Physical Electronics 

Division, Minnesota, 1978. 

13  J. Stöhr, NEXAFS spectroscopy, 2
nd

 ed. (Springer, Berlin, 2003). 

[14] U.I. Kramm, I. Abs-Wurmbach, I. Herrmann-Geppert, J. Radnik, S. Fiechter, P. 

Bogdanoff, J. Electrochem. Society 158 (2011)  B69. 

15  P. Hoffmann, R. P. Mikalo and D. Schmeißer, Solid-State Electron. 44 (2000) 837. 

16  C. Wagner, W. Riggs, L. Davies, J. Moulder, G. Mullenberg (Editor), Handbook of X-

Ray Photoelectron Spectroscopy, Perkin Elmer Corporation, Physical Electronics 

Division, Minnesota, 1978. 

17  S. Gojkovic, S. Gupta, R.F. Savinell, Journal of the Electrochemical Society 145 

(1998) 3493. 

18  S. Gojkovic, S. Gupta, R.F. Savinell, Journal of Electroanalytical Chemistry 462 

(1999) 63. 

19  S. Gojkovic, S. Gupta, R.F. Savinell, Electrochimica Acta 45 (1999) 889. 

21  H. Höchst, A. Goldmann, S. Hüfner, H. Malter, Phys. Stat. Sol (B) 76 (1976) 559. 

20  D. H. Karweik, N. Winograd, N. Inorganic Chemistry 15 (1976) 2336. 

22   D. K. Lavallee, J. Brace, N. Winograd, Inorganic Chemistry 18 (1979) 1776. 

23   K. M. Kadish, L. A. Bottomley, J. G. Brace, N. Winograd, Journal of the American 

 Chemical Society 102 (1980) 4341. 

http://www.sciencemag.org/search?author1=Steven+Y.+Reece&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Jonathan+A.+Hamel&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Kimberly+Sung&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Thomas+D.+Jarvi&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Arthur+J.+Esswein&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Joep+J.+H.+Pijpers&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Daniel+G.+Nocera&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=Daniel+G.+Nocera&sortspec=date&submit=Submit


8 

 

24  N. Hellgren, J. Guo, Y. Luo, C. Sathe, A. Agui, S. Kashdanov, J. Nordgren, H. Agren, 

J. E. Sundgren, Thin solid films 471 (2005) 19. 

25  J. R. Pels, F. Kapteijn, J. A. Moulijn, Q.  Zhu, K. M. Thomas, Carbon 33 (1995) 1641. 

26  V. Papaefthimiou, T. Dintzer, V. Dupuis, A. Tamion, F. Tournus, A. Hillion, D. 

Teschner, M. Haeavecker, A. Knop-Gericke, R. Schleogl, S. Zafeiratos, ACS Nano, 5 

(2011) 2182.  

27  W. Meyer, D. Hock, K. Biedermann, M. Gubo, S. Mueller, L. Hammer, K. Heinz, 

Phys. Rev. Lett. 101 (2008) 016103. 

[28] D.A. Scherson, C. Fierro, D. Tryk, S.L. Gupta, E.B. Yeager, J. Eldridge, R.W. 

Hoffman, J. Electroanal. Chem. 184 (1985) 419. 

[29] I. Herrmann, U.I. Kramm, S. Fiechter, V. Brüser, H. Kersten, P. Bogdanoff, Plasma 

Proc. & Polymers 7 (2010) 515. 

[30]  P. Bogdanoff, I. Herrmann, M. Hilgendorff, I. Dorbandt, S. Fiechter, H. Tributsch,  J. 

New Mater Electrochem Sys. 7 (2004) 85. 

31  H. Niwa, K. Horiba, Y. Harada, M. Oshima, T. Ikeda, K. Terakura, J. Ozaki, S. 

Miyata, Journal of power sources 187 (2009) 93. 

32  L.T. Qu, Y. Liu, J.B. Baek, L. M. Dai, ACS Nano 4 (2010) 1321. 

33  L. P. Zhang, Z.H. Xia, Journal of Physical Chemistry C, 115 (2011) 11170. 

34  S. Ni, Z. Li, J. Yang, arXiv:1111.1056v1 [cond-mat.mtrl-sci] 

35  T. Kroll, V. Y Aristov, O. V. Molodtsova, A. Yu, Y. A. Ossipyan, D. V. Vyalikh, B. 

Büchner, M. Knupfer, J. Phys. Chem. A 113 (2009) 8917. 

36  C. A. F. Vaz, D. Prabhakaran, E. I. Altman, V. E. Heinrich, Phys. Rev. B 80 ((2009) 

155457. 

37  F. Morales, F. M. F. de Groot, P. Glatzel, E. Kleimenov, H. Bluhm, M. Hävecker, A. 

Knop-Gericke, B. M. Weckhuysen, J. Phys. Chem. B108  (2004), 16201. 

38  J. Suntivich, H. A. Gasteiger, N. Yabuuchi, H. Nakanishi, J. B. Goodenough, Y. Shao-

Horn, Nature Chemistry, (2011),  

39   H. Jahnke, M. Schönborn, G. Zimmermann, Topics in Current Chemistry 61 (1976) 

133. 

40   J. A. R. v. Veen, J. F. V. Baar, K.J. Kroese,  J. Chem. Soc., Farraday Trans. 77 (1981) 

2827. 

 

 

http://arxiv.org/find/cond-mat/1/au:+Ni_S/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Li_Z/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Yang_J/0/1/0/all/0/1
http://arxiv.org/abs/1111.1056v1


9 

 

Figures 
Chapter 3.II, XPS 
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Figure 1: N1s XPS data for the pure CoPc, the CoPc/C spectra at 25°C and the annealing 

steps at 300°C, 800°C and 1000°C. The charging effect is corrected in relation to the binding 

energy of the C1s, as EBind. = 284.5eV, with an additional correction of -1.37eV, see text.  The 

intensity of the peaks is normalized to the main intensive peak of each spectrum  
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Figure 2: XPS data for the pure CoPc, the CoPc/C mixture and the pyrolized samples. Charge 

correction is done with respect to the C1s-signal. A: Co2p; B: O1s.  
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Chapter 3.III, NEXAFS 
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Figure 3:  NEXAFS spectra at the N1s edge (A) and the Co2p edge (B). The spectra are taken 

in total electron yield (TEY) with an information depth of approximately 5nm. 
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Chapter 3.IV, Analysis of electrochemical properties  
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Figure 4: Open circuit potential (OCP) in O2 saturated solution and RDE results of the 

catalytic activity towards ORR (at 900 rpm): A: OCP versus annealing temperature of the 

CoPc/C catalysts. The equilibrium potential for an indirect oxygen reduction to hydrogen 

peroxide (0.68 V) is indicated.  B: Kinetic current in Ampere per gram catalyst at 0.75V and 

relative amount of H2O2 measured at 0.4V, versus temperature for pyrolisis.  
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Legends, Figure Captions 
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Tables 
 

Chapter 2.I, Sample preparation 

 

Table 1: Expected composition, atomic %.   

CoPc (CoC32H16N8) 

Element  Co N C N/Co 

CoPc pure 2.44 19.51 78.05 8 

CoPc/C 0.56 4.44 95.00 8 

 

 

Chapter 3.I, EDX 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3.II, XPS 

 

Table 3, XPS, atomic %. Composition without oxygen in brackets 

Element  Co  N  C O N/Co O/Co 

CoPc pure  3.28 

(3.38)  

18.87 

(19.45)  

74.84 

(77.17) 

3.10 5.76 0.95 

CoPc/C  0.78 

(0.86)  

4.45  

(4.86) 

86.31 

(94.28) 

9.23 5.65 11.76 

CoPc/C,  

300°C  

0.57 

(0.63) 

2.44 

(2.72) 

86.93 

(96.65) 

19.60 4.28 14.28 

CoPc/C,  

800°C  

1.61 

(1.70) 

5.94  

(6.26) 

87.34 

(92.04) 

5.38 3.69 4.35 

CoPc/C,  

1000°C  

0.73 

(0.77) 

3.16 

(3.34) 

90.97 

(95.88) 

5.40 4.32 7.37 

  
 

Table 2, EDX,  atomic %.  Composition without oxygen in brackets 

Element Co  N  C  O N/Co O/Co 

CoPc pure  2.17 

(2.26)  

23.12 

(24.10)  

70.67 

(73.63)  

4.03 10.65 1.86 

CoPc/C  0.52  

(0.55) 

3.88  

(4.08) 

90.65 

(95.40) 

4.95 7.46 28.75 

CoPc/C,  

300°C  

0.73  

(0.77) 

3.24 

(3.42)  

90.85  

(95.8) 

5.19 4.44 7.19 

CoPc/C,  

800°C  

4.36 

(4.49)  

0  92.10 

(94.83)  

2.97 0 0.68 

CoPc/C,  

1000°C  

0.50 

(0.53)  

0  94.21  

(99.47) 

5.29 0 10.58 


