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A B S T R A C T   

A non-noble metal catalyst (Fe-Nx@MWCNTs), which was prepared by wet impregnation of surface- 
functionalized multi-walled carbon nanotubes (MWCNTs) with iron(II) phthalocyanine (FePc) and heat treat-
ment, as well as the functionalized MWCNTs without FePc were examined towards their performance for the 
oxygen reduction reaction (ORR) in neutral media and their structural properties during electrochemically forced 
degradation. Electroanalytical methods as well as in situ-Raman microscopy and ex situ-X-ray photoelectron 
spectroscopy (XPS) were applied at different levels of a two-stage accelerated stress test (AST). In particular, the 
comparability between the electrochemical, the in situ-Raman and the ex situ-XPS setup was confirmed. It was 
found that the iron central atom was leached out of the Fe-Nx-complex during the first stage of the AST causing a 
decline of ORR activity, still higher than that of the MWCNT support, which remained unaffected. During the 
second stage, the samples were subjected to stronger electrochemical stress by cycling to highly positive po-
tentials, causing the formation of surface groups and an increase of double layer capacitance. The high potentials 
also destroy remaining catalytic N–C moieties and the ORR activity of the catalyst approaches that of the bare 
support. With ongoing AST cycling, the overall current of the samples is heavily reduced which is attributed to 
loss of electric conductivity of the sample backbone by further oxidation.   

1. Introduction 

Fuel cells are considered to play a key role for electrochemical en-
ergy conversion of sustainably produced hydrogen in stationary as well 
as automotive applications. However, the cost of the system components 
of fuel cells, and in particular the noble metal-based catalysts necessary 
for improving the sluggish oxygen reduction reaction (ORR) at the 
cathode, impede a broad market implementation of this technology. On 
this account, huge effort is devoted to designing non-noble metal (NNM) 
catalysts with good performance for the ORR as well as high stability in 
acidic and alkaline media. Among a wealth of NNM catalysts [1,2], 
metal-nitrogen catalysts supported on a high surface area carbon ma-
terial (M-N@C, where M denotes the non-noble metal, which is most 
commonly Fe or Co) were found to exhibit remarkable performance for 
the ORR [1–7] and are therefore, besides fuel cells, also of great interest 
as cathode material in metal air batteries [8]. These catalysts are 
commonly prepared by heat treating a mixture of M- as well as N-con-
taining precursors with the carbonaceous supporting material. The 

choice of the carbon support as well as of the M- and N-containing 
precursors, the amount of metal species and the temperature during heat 
treatment strongly influence the catalyst structure as well as the 
resulting electrochemical performance [4,6,9,10]. However, it is still not 
entirely clear which kind of M-Nx moiety exactly acts as active site or 
whether the metal species is just crucial for the formation of active sites 
during the pyrolysis process, while activity of individual sites might also 
depend on the electrolyte solution [11–17]. 

Indeed, M-N@C catalysts show high electrochemical performance 
for the ORR in both acidic and alkaline media. However, they suffer 
from low stability especially in acidic environment. Six different 
mechanisms causing degradation are discussed: (1) destruction of the 
carbonaceous support by carbon corrosion, (2) leaching of the metal ion, 
(3) attack by free radicals (e.g. from H2O2), (4) poisoning of active 
pyridinic CNx sites by protonation, (5) exchange of protons in the ion-
omer with leached metal ions from the M-N@C catalyst and (6) flooding 
of the catalyst pores with water [10,18]. Therefore, huge effort is un-
dertaken to investigate the stability of M-N@C materials as well as the 
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corresponding degradation pathways [10,19–23]. 
In this work, an accelerated stress test (AST) protocol was applied to 

an iron(II)-phthalocyanine (FePc) based catalyst material supported on 
surface functionalized multi-walled carbon nanotubes (MWCNTs). Be-
sides electrochemical techniques also structural methods were used in 
order to perform an in-depth investigation of the degradation processes. 
FePc is a prominent candidate with excellent electrocatalytic perfor-
mance towards the ORR, as already shown elsewhere [8,21,24–26]. In 
this particular study, the stability experiments were conducted 
employing a three-electrode setup and porous thin-film electrodes in 1 
M KCl / 0.1 M phosphate-buffer (PBS) electrolyte solution at pH = 6.5 to 
exclude influences of the membrane-electrode-interface. The neutral 
electrolyte with PBS for pH-control was chosen to avoid pH-related 
degradation mechanisms, intended leaching of the Fe central atom by 
formation of FePO4 as well as facilitating in situ-Raman experiments, 
which are much more demanding in strongly acid or alkaline solutions 
due to materials challenges. Thus, the above-mentioned degradation 
processes (4), (5) and (6) are not addressed in this work and the focus is 
on processes (1), (2) and (3). A two-stage AST protocol was applied with 
the aim of (i) stressing only the active sites of the Fe-Nx@MWCNT 
catalyst and (ii) affecting the structure of both the phthalocyanine 
complex as well as the carbonaceous support. During the AST protocol, 
the electrochemical and structural properties of the investigated mate-
rials were monitored. For structural characterization in situ-Raman mi-
croscopy as well as ex situ-X-ray photoelectron spectroscopy were 
performed to investigate the defect structure of the carbon lattice 
respectively changes of the surface atomic composition. 

2. Experimental 

2.1. MWCNT functionalization and Fe-Nx@MWCNT synthesis 

Functionalized multiwalled carbon nanotubes (MWCNTs) were used 
as support for the preparation of Fe-Nx@MWCNT catalysts. Pretreat-
ment and functionalization followed a reported procedure [27]: high 
purity MWCNTs (Baytubes® C 150 P, >95%) were heat treated in a tube 
oven (Gero SR-A 70–500/12) in Ar atmosphere. A quartz glass boat 
containing the MWCNTs was inserted into a quartz glass tube, which 
was purged with argon gas for 15 min to drive out all other gases. The 
material was heated from room temperature up to 50 ◦C within 15 min 
and this temperature was kept constant for 15 min to equilibrate the 
system. Afterwards, the oven was heated up to 800 ◦C with 10 K min− 1 

and the final temperature was kept for 15 min. The resulting material 
was labeled MWCNT_800. To obtain functionalized MWCNTs, 500 mg of 
MWCNT_800 was mixed with 32 ml nitric acid (Roth, 65%) and 100 ml 
deionized water (0.055 µS cm− 1) in a glass flask. To achieve a homo-
geneous suspension, the flask was placed in an ultrasonic bath for 30 
min. Afterwards, it was transferred to a microwave oven (START, MLS 
GmbH) and heated under reflux for 1 h and 5 min at 800 W pulsed 
irradiation power, keeping the temperature in the reaction mixture 
constant at ~100 ◦C. The suspension was stirred continuously with a 
magnetic stirrer. After cooling down to below 40 ◦C, the MWCNTs were 
washed with deionized water several times until pH = 7 was reached, 
using a centrifuge (Eppendorf centrifuge 4807) for separation. The 
sample was dried in ambient atmosphere at 100 ◦C for several hours. In 
the following, this material is named as ‘support’ or labeled as ‘Sup.’. 

This supporting material was modified with iron(II) phthalocyanine 
(FePc, TCI Chemicals, >95%) by wet impregnation applying an adapted 
synthesis route of Schulenburg et al. [28]. To obtain a final iron content 
of ~2.0 wt.-%, 101.9 mg FePc were dissolved in 400 ml acetone (Roth) 
in a round-bottom flask, stirred with a magnetic stirrer at 350 rpm for 
30 min and placed in an ultrasonic bath for another 30 min. After adding 
399.6 mg of the MWCNT support, the mixture was again stirred for one 
hour at 350 rpm and placed in an ultrasonic bath for another hour. The 
well mixed slurry was transferred to a beaker and the acetone was 
evaporated under continuous stirring at 35 ◦C overnight. Afterwards, the 

material was transferred to a quartz glass boat and heat treated in a tube 
oven (Gero SR-A 70–500/12) under Ar atmosphere. The tube was 
purged with Ar for 15 min before heating up to 50 ◦C within 15 min. To 
equilibrate the system, this temperature was kept constant for another 
15 min. Finally, the temperature was increased to 600 ◦C with 10 K 
min− 1 and kept constant for 2 h. The sample is referred to as ‘catalyst’ or 
is labeled as ‘Cat.’ throughout the text. 

2.2. Characterization 

2.2.1. Surface area determination 
Specific surface area determination based on nitrogen adsorption 

was carried out with a Sorptomatic 1990 (Thermo Finnigan). Prior to 
analysis, the samples were heated under vacuum (10− 5 mbar) at 120 ◦C 
for 24 h. Adsorption and desorption isotherms were recorded at 77 K 
using nitrogen as adsorbate at relative pressures p/p0 of 0.05 to 0.3. The 
evaluation of adsorption data was done applying the Brunnauer- 
Emmett-Teller (BET) theory. The determined specific surface areas are 
denoted as SSABET. 

2.2.2. Thermogravimetric analysis (TGA) 
Thermogravimetric analysis was performed with a STA449 F1 

Jupiter® thermobalance (Netzsch) in an aluminum oxide crucible. Prior 
to the measurements, the heating chamber was evaporated and subse-
quently flushed with Ar for three times to remove oxygen impurities. 
The TGA was performed either in an Ar flux (50 ml min− 1) or a mixture 
of Ar (45 ml min− 1) and oxygen (5 ml min− 1). The sample was initially 
kept at 35 ◦C for 15 min and in the following heated with 10 K min− 1 up 
to 1200 ◦C. 

2.2.3. Electrochemical characterization 
Electrochemical measurements were performed employing a glassy 

carbon (GC) electrode (4 mm diameter, Sigradur® G, HTW 
Hochtemperatur-Werkstoffe, embedded in a PTFE cylinder), which was 
modified with a porous thin-film by drop-casting inks of the synthesized 
samples (Sup. respectively Cat.) onto the GC tip. The inks with a loading 
of 6.28 µg µl− 1 were prepared by mixing approximately 5 mg of the 
particular sample with approximately 800 µl of isopropanol containing 
Nafion® 117 solution (5 wt.% in lower aliphatic alcohols, Sigma- 
Aldrich) with a ratio Visopropanol/VNafion-sol. = 48:2. The mixtures were 
stirred with a magnetic stirrer for 5 min at 500 rpm and subsequently 
placed in an ultrasonic bath thermostatically kept at 20 ◦C for 1 h. 
During this time, the samples were shaken cautiously several times to 
avoid aggregation of sample material at the bottom of the tube. After-
wards, two times 3 µl of the particular ink were drop-casted onto the GC 
tip to obtain a sample loading of 300 µg cm− 2. Beforehand, the GC tip 
was polished with alumina paste (1.0 and 0.3 µm) as well as water on 
polishing cloth for at least 3 min each until a mirror-like finish was 
obtained. 

The electrochemical measurements were carried out with an Autolab 
PGSTAT128N potentiostat (Metrohm) in a glass cell using a three- 
electrode setup. The coated GC tip served as working electrode (WE), 
an Ag|AgCl|KClsat electrode as reference electrode (RE) and a Pt wire as 
counter electrode (CE). The GC tip was mounted onto a rotating device 
(Radiometer INF-EL-EDI 101) controlled by a speed control unit 
(Analytical CTV 191) in order to perform RDE measurements. All mea-
surements were performed in 1 M KCl solution buffered with 0.1 M PBS 
(50 mM KH2PO4 and 50 mM K2HPO4) at pH = 6.5. The potential of the 
RE was determined to be 0.57 V vs. RHE in the applied electrolyte so-
lution and in the following, all potentials are given against RHE. 

Electrochemical characterization and the accelerated stress test 
(AST) protocol were carried out as follows. First, the electrode was 
equilibrated by performing 100 cyclic voltammograms (CVs) with 500 
mV s− 1 scan rate v between − 0.03 and 1.37 V vs. RHE in N2 purged 
electrolyte. To identify non-faradaic currents, linear sweep voltammetry 
with a rotating disk electrode (LSV-RDE) at different rotation velocities 
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(400, 900, 1600 and 2500 rpm) between − 0.13 and 0.97 V vs. RHE with 
v = 5 mV s− 1 as well as CV between − 0.03 and 1.37 V vs. RHE with v =
50 mV s− 1 and 500 mV s− 1, respectively, were carried out in the very 
same electrolyte. Moreover, electrochemical impedance spectroscopy 
(EIS) was conducted between 50 kHz and 0.1 Hz at 0.87 V vs. RHE with 
5 mV amplitude (Root Mean Square) to investigate the uncompensated 
resistance RU and the double layer capacitance of the electrode interface 
CDL. LSV-RDE, CV and EIS measurements were repeated with the same 
parameters in O2 purged electrolyte as initial electrochemical charac-
terization at the begin of testing (BoT). Afterwards, 500 CVs between 
0.57 and 1.57 V vs. RHE (denoted as ‘AST1.6′ in the following) and 
subsequently 2000 CVs between 0.87 and 1.87 V vs. RHE (denoted as 
‘AST1.9′ in the following) were performed with v = 500 mV s− 1 in O2 
purged electrolyte to impose electrochemical stress onto the samples at 
two different severities. During AST1.6 every 125 cycles and during 
AST1.9 every 250 cycles LSV-RDE with 1600 rpm, CV and EIS as 
described above were carried out to characterize the electrochemical 
behavior. Furthermore, after 500 cycles of AST1.6 as well as 750 and 
2000 cycles of AST1.9 LSV-RDE with 400, 900, 1600 and 2500 rpm was 
performed. This procedure was applied three times at separately pre-
pared porous thin-film electrodes of both samples in order to ensure 
reproducibility. The LSV-RDE curves obtained in N2 purged electrolyte 
were subtracted from those obtained in O2 purged electrolyte for double 
layer correction and the obtained curves were corrected with the un-
compensated resistance determined by EIS at 50 kHz. 

2.2.4. In situ-Raman microscopy 
For Raman spectroscopy an InVia Raman spectrometer (Renishaw) 

with a microscope (Leica) equipped with a water immersion objective 
(63x, Leica), a Cobolt CW DPSS laser (532 nm excitation wavelength), a 
1800 l mm− 1 grating and a Peltier cooled charge coupled device (CCD) 
camera detecting the Raman scattering were used. Prior to use, the 
Raman spectrometer was calibrated to a silicon reference peak and the 
signal was adjusted to 520.4 cm− 1. The measurements were carried out 
in an in situ-cell combining an electrochemical three electrode setup 
with the InVia Raman spectrometer and allowing for electrochemical 
measurements during or in between the Raman investigation. For in situ- 
characterization, a Raman mapping was performed at 49 measurement 
points with a distance of 1.5 µm in x- and y-direction between each 
measurement point. The spectra were recorded at 900 - 1800 cm− 1 with 
5 % laser intensity (~1.5 mW laser power) and 15 s integration time. 

In this case, the electrochemical characterization was conducted 
solely in O2 purged electrolyte and neither LSV-RDE nor EIS was per-
formed. In situ-Raman spectra were recorded as described above after 
initial characterization at the BoT, 500 AST1.6 cycles as well as 750 and 
2000 AST1.9 cycles (i.e. 1250 and 2500 cycles in total) at the very same 
sample position. The obtained spectra were post-processed by sub-
tracting a linear baseline, whose boundary values were calculated be-
tween 900 and 925 cm− 1 respectively 1773 and 1797 cm− 1, to 
compensate for background noise. The baseline corrected spectra were 
then normalized to their particular maximum and average values as well 
as standard deviations were calculated for all Raman spectra recorded at 
the same AST level for the two samples, respectively. 

2.2.5. Ex situ-X-ray photoelectron spectroscopy (XPS) 
Surface characterization of the materials was carried out by X-ray 

photoelectron spectroscopy (XPS) using a DAR 400 instrument (Omi-
cron) with an Al Kα line (1486 eV, 250 W) as X-ray source and an EA 
125X Hemispherical Energy Analyzer (Omicron). Survey scans were 
performed with 200 eV pass energy, detail scans of the O 1s, N 1s and Fe 
2p regions with 30 eV. The spectra were fitted and analyzed using the 
Casa XPS software. A Shirley background was subtracted from all 
spectra. 

For ex situ-X-ray photoelectron spectroscopy 24 µl of the particular 
ink were drop-casted onto a square GC Chip (1 cm2 geometric area, 
Sigradur® G, HTW Hochtemperatur-Werkstoffe) to obtain 150 µg cm-2 

sample loading. The inks were prepared as described above, but Nafion® 
was not added to the solution, due to its intense fluorine response in XPS. 
The electrochemical measurements were carried out exclusively in O2- 
purged electrolyte, the procedure was implemented as described in 
chapter 2.2.3 without LSV-RDE and, in contrast to all the other experi-
ments, a Pt mesh was used instead of a Pt wire as counter electrode to 
ensure sufficiently fast counter reaction. XPS was performed after the 
initial characterization at the BoT as well as after 500 respectively at 
least 1250 AST1.9 cycles at both the support and the catalyst. At the 
catalyst, ex situ-XPS was additionally performed after 500 AST1.6 cycles. 
To remove residual ions, the electrode film was placed in deionized 
water for a few minutes whenever it was removed from the electrolyte 
solution. Despite special care was taken to prevent destruction of the 
sample film, sometimes a detachment of some material from the sub-
strate was optically noticed while removing it from the deionized water, 
after performing the whole AST protocol. 

3. Results and discussion 

3.1. Structural characterization of the powder materials 

An oxygen reduction catalyst was prepared by wet impregnation of 
an oxidized carbon nanotube support with iron(II) phthalocyanine fol-
lowed by high temperature treatment at 600 ◦C. The obtained catalyst as 
well as the precursor materials were investigated with nitrogen 
adsorption towards their specific surface area (SSABET), with TGA and 
XPS concerning their chemical composition and with Raman spectros-
copy for structural analysis. 

Table 1 summarizes results from BET and TGA measurements of all 
samples. The SSABET of the starting material MWCNT_800 was obviously 
increased by the microwave acid treatment (“Sup.”). Moreover, TGA in 
Ar atmosphere shows a higher weight loss of the support compared to 
the starting material, which is attributed to decomposition of oxygen- 
containing groups formed at the surface (Table 1 and Fig. SI-1 (sup-
porting information)), which increase the surface area and porosity of 
the sample similarly as reported in literature [27,29]. Additionally, the 
MWCNT material and the support exhibit relatively high residual mass 
after TG in oxygen containing atmosphere, indicating that both mate-
rials contain metal impurities. Therefore, XPS was performed at the 
as-received MWCNTs to obtain information about their elemental 
composition, and besides carbon and oxygen only iron, probably origi-
nating from the MWCNT growth process, contributes to the survey 
spectrum appreciably (Table 2 and Fig. SI-2). Impregnation of the sup-
port with FePc and subsequent heat treatment at 600 ◦C results in 
smaller SSABET for the synthesized ORR catalyst in comparison to the 

Table 1 
Specific surface area determined by BET analysis (SSABET) and mass loss during 
TGA up to 1000 ◦C in oxygen-free (ΔmAr) as well as oxygen-containing atmo-
sphere (ΔmO2; 10 vol.-% oxygen in argon).  

Sample SSABET / m2 g− 1 ΔmAr /% ΔmO2 /% 

MWCNT_800 169 1.2 97.0 
Sup. 192 4.6 97.8 
Cat. 157 5.0 94.9  

Table 2 
Surface atomic compositions extracted from XPS survey scans of the powder 
materials for the characteristic binding energies of C 1s (284 eV), O 1s (531 - 
532 eV), N 1s (398 - 399 eV), Fe 2p (709 – 710 eV).  

Sample C 1s / at% O 1s / at% N 1s / at% Fe 2p / at% 

MWCNT 98.3 1.6 – 0.1 
Sup. 96.9 3.1 – – 
FePc 77.7 3.6 17.8 0.9 
Cat. 95.2 2.4 2.2 0.2  
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support, which can be explained by pore filling with complex or its 
decomposition products as well as associated increase of gravimetric 
density. The effective amount of iron in the catalyst was determined to 
be 2.9 wt.% by TGA in oxygen containing atmosphere (Table 1 (differ-
ence between weight loss of Sup. and Cat.) and Fig. SI-1). Quantitative 

XPS analysis, as summarized in Table 2, reveals that the oxygen con-
taining groups introduced into the support by acid treatment are 
partially removed after catalyst formation (impregnation and heat 
treatment at 600 ◦C) and iron-nitrogen compounds were successfully 
attached to the carbonaceous supporting material. XPS detail scans were 

Fig. 1. XPS detail scans of the N 1s re-
gion of a) FePc and b) the catalyst as 
well as c) the corresponding detail scans 
of the Fe 2p region and d) Raman 
spectra of support and catalyst. In a) 
and b) the measured data is displayed 
with colored dots, the fitted spectra 
with black lines and the spectrum 
deconvolution with gray lines. Binding 
energies of the contributions to the N 1s 
region were attributed according to [30, 
31]. The spectra in d) are displayed as 
mean values with standard deviation, 
represented by the brightly colored 
areas, calculated from 49 Raman map-
ping points at three separately prepared 
thin-film electrodes, respectively.   

Fig. 2. a) Schematic of the two-stage AST pro-
tocol with the corresponding stages, b) double 
layer corrected linear sweep voltammogramms 
(5 mV s− 1) with rotating disk electrode (LSV- 
RDE) of the support and the catalyst at 1600 
rpm as well as cyclic voltammograms (50 mV 
s− 1) in oxygen purged 1 M KCl/0.1 M PBS 
buffer of c) the support und d) the catalyst. The 
CV as well as LSV-curves are displayed as mean 
values with standard deviation, represented by 
the brightly colored areas, of the three different 
thin-film electrode measurements and all po-
tentials designated as EiR-corr. were corrected by 
the uncompensated resistance determined by 
EIS at 50 kHz. The color key in c) is also valid 
for b) and d).   
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used to gain further insight into the chemical composition of the various 
materials and are shown in Fig. 1a-c and Fig. SI-3. Obviously mostly 
sp3-bound oxygen was removed during catalyst formation (Fig. SI-3) and 
the mainly pyridinic-bound nitrogen of FePc was partially converted to 
pyrrolic-, quaternary- or graphitic-bound nitrogen (Fig. 1a,b) during the 
pyrolysis. This leads to the conclusion that the mesomeric ring structure 
of the phthalocyanine was partly decomposed. Additionally, the binding 
energy of the Fe 2p peak shifts from 709.2 eV to 710.1 eV (Fig. 1c), 
which was already reported elsewhere for FePc/CNTs [8]. Hence, the 
FePc macrocycle was partially destroyed and successfully attached to 
the MWCNT lattice. 

The Raman spectra of support and catalyst are displayed in Fig. 1d 
and show the characteristic G band (~1590 cm− 1), which is related to 
the sp2-hybridized structure of the CNT basal planes, as well as a pro-
nounced D band (~1350 cm− 1) and a band at ~1620 cm− 1, very likely a 
D’–band, which are both caused by defects in the graphitic lattice due to 
the non-ideal nanotube structure or edge planes [32–35]. Both samples 
represent the structure of a defect rich multi-walled CNT material (D: 
G-ratio = 1.35) which obviously was not affected by the pyrolysis pro-
cedure. The D’ band superimposes with the G band and therefore cannot 
be identified unambiguously, but the spectra of catalyst and support are 
fairly equal to each other, supporting this assignment. The scattering of 
the two samples slightly differs in the wavenumber region between the D 
and the G band, which is often denoted as D3 band (~1500 cm− 1), and in 
the region around the D4 band (~1200 cm-1), which is overlapping with 
the very beginning of the D band. The D3 band is related to amorphous 
carbon due to functional groups or organic molecules and the D4 band is 
attributed to sp2-sp3 bonds or C–C and C––C stretching vibrations [32]. 
In this case, the increase of the D3:D-ratio (from 0.15 to 0.17) and slight 
increase of the D4 band intensity after formation of a Fe-Nx@MWCNT 
complex by incorporation of the FePc macrocycle into the support can be 
explained with the Raman scattering of phthalocyanines, which show 
several sharp peaks in the region of the D3 and the D4 band [36]. Due to 
the high number of recorded spectra and the statistical evaluation for 
both samples, the small deviations of the spectra are significant [19,37] 
which is of particular importance for the ongoing discussion in the 
following. 

3.2. Electrochemical characterization and degradation behavior 

A two-stage AST protocol was applied to both the support and the 
catalyst to study their ORR activity and the electrochemical degradation 
process. The procedure consists of an initial electrochemical character-
ization step (begin of testing, BoT), followed by 500 AST cycles to 1.57 V 
vs. RHE (AST1.6) and 2000 AST cycles to 1.87 V vs. RHE (AST1.9) to 
force highly intense electrochemical stress, as visualized in Fig. 2a. All 
measurements were performed in phosphate buffer, as explained above. 
Additionally, the applicability of the prepared catalyst for PEM-FCs is 
shown by measurements in acidic media (Fig. SI-4a). 

The results of AST cycling in oxygen purged 1 M KCl / 0.1 M PBS 
buffer are summarized in Fig. 2. Cyclic voltammograms of the support 
(Fig. 2c) at selected levels of the AST protocol (comp. Fig. 2a) show an 
oxygen reduction peak around 0.35 V vs. RHE unchanged after 500 
AST1.6 cycles. After 750 subsequent AST1.9 cycles the ORR peak po-
tential shifts to more positive potentials indicating lower ORR over-
potential, and additional peaks between 0.4 and 0.8 V vs. RHE appear 
which are attributed to oxygen-containing, quinone-type surface groups 
[38,39]. Additionally, an increased double layer capacity becomes 
obvious. After 2000 AST1.9 cycles, ORR peak potential shifts to signif-
icantly less positive potentials, the surface-group redox peaks disappear, 
and the double layer capacitance strongly decreases. The CVs of the 
catalyst clearly differ from those of the support (Fig. 2d). The initial 
measurement (BoT) shows a more pronounced ORR peak at more pos-
itive potentials, indicating much lower ORR overpotential, and an 
additional oxidation peak (~0.8 V vs. RHE, see also Fig. SI-4b), which 
originates from oxidation of the Fe2+-species [7]. After 500 AST1.6 

Fig. 3. a) Example of data extraction from CV curves, b) potential at − 1 mA 
cm− 2

geo extracted from the LSV-RDE curves and the ORR peak potential EiR- 

corr.(PeakORR) from CVs both shown in Fig. 2 currents due to reactions of surface 
groups iSG at a given potential and d) the capacitive double layer current iDL at 
1.07 V vs. RHE related to the scan rate as well as the electric double layer 
capacitance derived from EIS with 0.1 Hz at 0.87 V vs. RHE plotted versus the 
overall number of AST cycles. The color key in b) is also valid for c) as well as d) 
and the dotted lines in b) to d) are only shown to guide the eye. 
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cycles this peak has disappeared, and the ORR peak potential is shifted 
to lower values. Applying 750 AST1.9 cycles causes further decrease of 
the ORR peak potential, which is however more pronounced than in case 
of the bare support after the same AST. With ongoing AST1.9 cycling, 
the CV features of the two samples more and more converge. However, 
after 2000 AST1.9 cycles the catalyst exhibits stronger collapse of the 
double layer capacity but still shows a more pronounced ORR peak than 
the support. 

In order to quantify the results of the CV measurements, relevant 
characteristic data was extracted, as demonstrated in Fig. 3a, including 
the ohmic drop corrected ORR peak potential (EiR-corr(PeakORR)), the 
current contribution of the double layer (iDL) and the maximum current 
contribution of surface groups (iSG). Additionally, the potential at − 1 
mA cm− 2

geo was extracted from the LSV-RDE curves at 1600 rpm to 
compare the ORR performance in the kinetically dominated potential 
regime (cf. Fig. 2b). All values were taken after every 125 cycles in case 
of AST1.6 cycling and after every 250 cycles in case of AST1.9 cycling, 
and the data are summarized in Fig. 3a-d. Fig. 3b visualizes the change 
of ORR performance during the AST protocol for both samples. For the 
catalyst, EiR-corr(PeakORR) as well as E(− 1 mA cm− 2

geo) decrease continu-
ously during AST1.6 cycling, but after 500 AST1.6 cycles both are still 
distinctly higher than that of the support, which remained unchanged. 
Fig. 3c displays the current in the positive going sweep at ~0.6 V vs. 
RHE, which increases for the catalyst due to shifting of the ORR onset 
potential to lower potentials. Simultaneously, the double layer current 
iDL in CVs and the double layer capacitance CDL determined with EIS at 
0.1 Hz decrease and approach that of the support, which remains con-
stant, as can be seen in Fig. 3d (c.f. Fig. SI-5). Cycling to even higher 
potentials provokes heavy decline of the catalyst’s ORR performance, 
converging with that of the support, which slightly increases likely due 
to formation of surface groups [27], during the first 250 AST1.9 cycles 
and iSG, iDL as well as CDL increase for both samples forming a peak with 
maximum after 750 AST1.9 cycles. During ongoing AST1.9 cycling, the 
ORR performance of both samples declines, but the catalyst consistently 
remains slightly more active than the support (Fig. 3b), indicating that 
the active sites are not completely destroyed during the applied AST, but 
iSG, iDL as well as CDL however decrease, reaching values even lower than 
at the BoT. This breakdown is stronger for the catalyst, suggesting that 
remaining iron impurities catalyze the carbon corrosion of the carbo-
naceous supporting material as already observed by TG measurements 
in oxygen containing atmosphere (cf. Fig. SI-1b and corresponding text). 

The two-stage AST protocol was also carried out with a commercial 
platinum-based catalyst (E-TEK®). Its ORR performance, as displayed in 
Fig. 3b, remains unchanged during AST1.6 cycling, increases slightly 
during the first 250 AST1.9 cycles and drastically collapses with further 
AST cycling. It is assumed that the Pt-nanoparticles agglomerate [40] 
respectively are removed from the carbonaceous support [41] due to the 
high potentials, causing an ORR performance worse than that of Sup. 
after 1000 AST1.9 cycles. 

3.3. In situ-Raman microscopy 

To understand the findings from the electrochemical investigations 
on a molecular basis, structural characterization by Raman spectroscopy 
was carried out in an in situ-setup. In situ-Raman mappings were per-
formed at the very same position of the film directly after the initial 
characterization at the BoT, after 500 AST1.6 cycles as well as after 750 
and 2000 AST1.9 cycles. The comparability between the regular and the 
in situ-setup was verified by comparing the shift of the ORR peak in CVs 
EiR-corr.(PeakORR) during AST and is shown in Fig. 4a. Moreover, it was 
verified that the laser irradiation does not impact the electrochemical 
(EiR-corr.(PeakORR) and iSG) and structural properties (Raman) of the 
catalyst by applying electrochemical and Raman characterization 
without AST cycling (Fig. SI-6 and corresponding text). 

As already discussed in chapter 3.1. and shown in Fig. 1d, both 
samples display the characteristic G band (~1590 cm− 1) as well as a 

pronounced D band (~1350 cm− 1) and a D’ band (~1620 cm− 1) of 
carbon at the BoT. During AST1.6 cycling, the Raman scattering of the 
carbonaceous support remains unchanged (cf. Fig. SI-7a), but a slight 
decrease of the D3:D-ratio from 0.17 to 0.16 can be observed for the 
catalyst (Fig. 4b,c), indicating a change in the structure of the carbon- 
nitrogen compounds of the Fe-Nx@MWCNT moiety as reported before 
[19,22,23]. 750 AST1.9 cycles result in an increase of the D:G-ratio from 
1.35 to 1.57 and a more pronounced D’ band for both samples, sug-
gesting the formation of a highly damaged graphitic structure by partial 
breakup of the MWCNT́s conjugated π-electron system [42]. Further-
more, the D3:D-ratio decreases from 0.15 to 0.12 for the support and 
from 0.16 to 0.12 for the catalyst, respectively. This might result from 
the oxidation of the remaining carbon-nitrogen compounds as well as 
removal of amorphous carbon by electrochemical oxidation [32]. The 
region of the D4 band remains unchanged for the support and slightly 
decreases for the catalyst, so that the two samples show exactly the same 
Raman spectrum after 750 AST1.9 cycles (Fig. SI-7b). With progressing 
AST1.9 cycling, no further change can be observed. 

3.4. Ex situ-X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy was performed ex situ at similar 
levels of the AST protocol as during the in situ-Raman studies. For these 
experiments, the sample ink was drop-casted onto a GC chip (1 × 1 cm2) 
instead of a cylindrical GC disk electrode embedded in PTFE. Due to the 
changed sample geometry RDE experiments were not possible and the 
behavior in CV measurements is distinctly different to the measurements 
in the regular setup, but main changes during AST cycling like disap-
pearance of the ORR and the Fe2+/Fe3+ peak, increase of double layer 
capacitance as well as the formation of surface groups are still clearly 
visible in this modified setup, as displayed in Fig. SI-8a,b. The 
advancement of the AST protocol was compared by taking the mass 
specific oxidation current of the surface groups redox-pair into account 
(Fig. 5a). Gray squares represent the currents at the regular setup with a 
Nafion® containing sample film on GC electrode and the dots show the 
measurement results of the XPS setup. The ex situ-XPS setup shows lower 
reproducibility at the BoT and much higher mass specific currents, 
which can be explained by lower homogeneity of the suspension, higher 
surface area of the substrate (1 cm2 compared to 0.126 cm2) as well as 
the lack of electrically non-conducting Nafion®, probably blocking some 
of the pores of the drop-casted film in the RDE setup. Nevertheless, the 
development of the surface-group related current during the AST is well 
comparable, however, the maximum current is achieved after less than 
AST1.9 cycles (500 compared to 750 in the normal setup) and the 
decline of the current is faster during subsequent AST1.9 cycling. 
Therefore, XPS was performed after 500 and 1250 respectively 1500 
AST1.9 cycles. For the support, XPS was only performed after AST1.9 
cycling, because AST1.6 cycling did not show any impact in previous 
measurements, and 1500 respectively 2250 AST1.9 cycles were carried 
out before doing the XPS analysis, because its degradation behavior 
slightly deviates from that of the catalyst (Fig. SI-8 and text). 

As already discussed in chapter 3.1., XPS confirms that iron-nitrogen 
compounds were attached to the carbonaceous support by wet impreg-
nation of MWCNTs with FePc and that the amount of oxygen decreases 
due to pyrolysis at 600 ◦C (Table 2 and Fig. 1). Since electrochemical 
measurements in 1 M KCl / 0.1 M PBS, containing K+, Cl− , HPO4

2− and 
PO4

3− ions, were performed prior to ex situ XPS, K, Cl and P were 
sometimes present in the XP spectra of the corresponding sample (cf. 
Fig. SI-9 for survey scans). It is assumed that K and Cl do not have an 
impact onto the sample’s properties and so they were not considered 
fitting the survey scan. In contrast, P strongly contributes the amount of 
total oxygen in the sample, due to the oxygen atoms in HPO4

2− and PO4
3−

ion, respectively. Therefore, 4 at% oxygen per at% phosphor were 
subtracted from the measured atomic oxygen concentration to correct 
the atomic percentage of oxygen in the carbon structure of the sample 
(Table SI-1 and text). 
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The amount of surface-bound oxygen obviously increases (-Fig. 5b- 
d and Fig. SI-9.) during both AST1.6 and AST1.9 cycling, indicating the 
formation of surface groups, even during AST1.6 cycling of the catalyst. 
This contrasts with the electrochemical results, where the development 
of surface group related currents or an increase of double layer capaci-
tance was not observed for AST1.6 cycling. With proceeding AST1.9 
cycling, the oxygen concentration increases only slightly for the catalyst 
and actually decreases for the support. It is assumed that the maximum 
amount of oxygen is already reached after 750 AST1.9 cycles which is in 
good agreement with the development of surface-group related currents 
as well as double layer capacitance (cf. Fig. 3c,d). The uppermost sample 
layers, which had the highest amount of oxygen, might also be 
delaminated due to intercalation processes [43] and subsequently 
released by washing the sample with water after the electrochemical 
measurements (cf. chapter 2.2.5.). This could as well explain the 
decrease in oxygen concentration during subsequent AST1.9 cycling of 

the support. According to O 1s detail scans, the ratio of sp3- to sp2-bound 
oxygen remains nearly constant for the support, whereas for the catalyst 
the relative amount of sp3-bound oxygen strongly decreases and 
sp2-bound oxygen (i.e. C––O groups) is formed during AST cycling 
(Table SI-2 and Fig. SI-10a–g), suggesting a catalytic effect of iron on 
these processes. Moreover, the amount of P in the survey scan respec-
tively the share of O––P in the O 1s detail scan is clearly higher for the 
catalyst (Table 3 and Table SI-2). This can be explained by the formation 
of FePO4 during AST1.6 cycling, since the maximum of the Fe 2p detail 
scan shifts from 710.2 eV at BoT to approx. 711.8 eV (Fig. 5f), which has 
been reported as binding energy of FePO4 [44]. Simultaneously, the 
amount of pyridine-type nitrogen decreases and that of pyrrol-type ni-
trogen slightly increases (Fig. 5e and Table SI-3), indicating that the 
Fe-Nx-complex is destroyed by leaching of the iron atom. After applying 
750 AST1.9 cycles, the overall amount of nitrogen is strongly reduced 
(Fig. 5b,e as well as Table 3) and the catalyst exhibits very similar 

Fig. 5. a) Comparison of the current due to oxygen containing surface-groups during the AST protocol in the regular and the ex situ XPS setup, b) change of the O1s: 
C1s- as well as N1s:C1s-ratio with progressing AST cycling, O 1s detail scans at particular AST levels c) of the support as well as d) the catalyst and e) the N 1s 
respectively f) the Fe 2p detail scans of the catalyst. The XP spectra are displayed as average values and standard devation (bright colored areas). The number of the 
respective measurements is given in Table 3. 

Fig. 4. a) Comparison of the influence of the AST protocol onto ORR activity in the in situ-Raman and the regular setup, b) Raman spectra obtained from the catalyst 
at the BoT, after 500 AST1.6 cycles and 750 respectively 2000 AST1.9 cycles as well as c) D:G- and D3:D-ratio plotted for the particular AST levels. The magnified 
graph in b) shows the D3 band region and the numbers indicate the D3:D-ratio at 1475 cm− 1. The Raman spectra in b) are displayed as average values and standard 
devation (brightly colored areas) of 49 Raman mapping points each at three separately prepared thin-film electrodes. 
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electrochemical and structural properties as the support (cf. chapter 3.2. 
and 3.3.), suggesting that the C–N-structure is already decomposed. 
With subsequent AST1.9 cycling the N 1s detail scan changes only 
slightly, and some nitrogen is still left in the catalyst material after 
applying the whole AST protocol. This may explain the further on 
slightly higher activity of the catalyst compared to the support (cf. 
Fig. 3b). 

4. Degradation mechanism and conclusion 

An oxygen reduction reaction catalyst was successfully prepared by 
incorporating iron(II) phthalocyanine into the structure of an oxygen 
functionalized MWCNT support using wet impregnation followed by 
pyrolysis at 600 ◦C. Subsequently, both the catalyst and the bare support 
were subjected to a two-stage AST protocol, applying potentials between 
0.57 and 1.57 V vs. RHE (AST1.6 cycles) and between 0.87 and 1.87 V 
vs. RHE (AST1.9 cycles). The resulting changes of electrochemical as 
well as structural properties were investigated with electroanalytical 
and structural characterization methods. 

It is shown that a connection between the FePc macrocycle and 
MWCNT support is formed during heat treatment without affecting the 
sp2-hybridized MWCNT structure and the Fe-Nx-complex critically 
(Fig. 6, BoT). However already during 500 AST1.6 cycles the attached 
FePc macrocycle structure is destroyed by leaching out the iron central 
atom due to formation of FePO4 and the structure of the phthalocyanine 
ring remains only partly intact. Furthermore, the catalyst is also oxidized 
at the surface according to XPS, but the defect structure of the MWCNT 
lattice remains unchanged (Fig. 6, 500xAST1.6) and the performance 
towards the ORR obviously decreases, albeit it is still higher than for the 
support. This indicates that the complexed iron atom actually acts as 
active site for the investigated kind of ORR catalyst in neutral media and 
not only provides formation of active sites during heat treatment as 
reported for Fe-N@C catalysts pyrolyzed at higher temperatures [13]. 

After 750 AST1.9 cycles, the residual structures of the phthalocya-
nine macrocycle are mostly destroyed, only some nitrogen moieties are 
left, the surface is heavily oxidized, and defects were inserted into the 
MWCNT lattice (Fig. 6, 750xAST1.9). Accordingly, the electrochemical 

double layer capacitance CDL increases, currents due to quinone-type 
surface-groups emerge and the ORR performance of the catalyst and 
the support converge, demonstrating that the active sites are removed 
from the catalyst and the carbonaceous structure of both are affected 
similarly. With ongoing AST1.9 cycling, the defect structure according 
to Raman and the atomic surface composition according to XPS stay 
fairly unchanged for both samples, but electrochemical properties still 
change. Since CDL decreases and the currents due to surface-groups 
vanish again, it is assumed that the deeper layers of the sample film, 
which cannot be investigated by the applied methods, are affected by 
oxidation and destruction of the sp2-hybridized structure, leading to a 
decrease of conductivity and linkage in the sample’s backbone (Fig. 6, 
2000xAST1.9). 
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Fig. 6. Proposed degradation mechanism of the investigated Fe-Nx@MWCNT electrocatalyst for the applied two-stage AST protocol in neutral media.  

Table 3 
Surface atomic compositions determined by ex situ-XPS survey scans at different levels of the AST protocol applied to the supporting material as well as the catalyst for 
the characteristic binding energies of C 1s (284 eV), O 1s (531 - 532 eV), N 1s (398 - 399 eV), Fe 2p (710 – 713 eV) and P 2p (133 eV).  

Sample C 1s / at% O 1s(a) / at% N 1s / at% Fe 2p / at% P 2p / at% O 1s(b) / at% 

Sup.-BoT (N = 3) 94.9 ± 1.0 5.1 ± 1.0 – – – 5.1 ± 1.0 
Sup.− 750xAST1.9 (N = 2) 88.5 ± 1.8 11.5 ± 1.8 – – – 11.5 ± 1.8 
Sup.− 2000xAST1.9 (N = 2) 88.5 ± 2.1 11.3 ± 1.9 – – 0.2 ± 0.3 10.6 ± 0.8 
Cat.-BoT (N = 3) 94.1 ± 0.1 3.6 ± 0.1 2.1 ± 0.1 0.1 ± 0.1 – 3.6 ± 0.1 
Cat.− 500xAST1.6 (N = 1) 87.8 9.3 1.8 0.2 0.9 5.6 
Cat.− 750xAST1.9 (N = 1) 83.6 14.1 0.5 0.4 1.4 8.6 
Cat.− 2000xAST1.9 (N = 2) 83.0 ± 0.9 15.0 ± 1.4 0.4 ± 0.0 0.2 ± 0.0 1.4 ± 0.4 9.5 ± 3.1  

(a) including oxygen in PO4
3− , HPO4

2− and H2PO4
− . 

(b) excluding oxygen in PO4
3− , HPO4

2− and H2PO4
− . 
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reaction in acid medium at iron phthalocyanine dispersed on high surface area 
carbon substrate: tolerance to methanol, stability and kinetics, J. Electroanal. 
Chem. 577 (2005) 223–234, https://doi.org/10.1016/j.jelechem.2004.11.034. 

[22] I. Martinaiou, A. Shahraei, F. Grimm, H. Zhang, C. Wittich, S. Klemenz, S. 
J. Dolique, H.-.J. Kleebe, R.W. Stark, U.I. Kramm, Effect of metal species on the 
stability of Me-N-C catalysts during accelerated stress tests mimicking the start-up 
and shut-down conditions, Electrochim. Acta 243 (2017) 183–196, https://doi. 
org/10.1016/j.electacta.2017.04.134. 

[23] U.I. Kramm, A. Zana, T. Vosch, S. Fiechter, M. Arenz, D. Schmeißer, On the 
structural composition and stability of Fe–N–C catalysts prepared by an 
intermediate acid leaching, J. Solid State Electrochem. 20 (2016) 969–981, 
https://doi.org/10.1007/s10008-015-3060-z. 

[24] M.A.C. de Oliveira, V.C.A. Ficca, R. Gokhale, C. Santoro, B. Mecheri, A. D’Epifanio, 
S. Licoccia, P. Atanassov, Iron(II) phthalocyanine (FePc) over carbon support for 
oxygen reduction reaction electrocatalysts operating in alkaline electrolyte, J. Solid 
State Electrochem. 25 (2021) 93–104, https://doi.org/10.1007/s10008-020- 
04537-x. 

[25] A. Morozan, S. Campidelli, A. Filoramo, B. Jousselme, S. Palacin, Catalytic activity 
of cobalt and iron phthalocyanines or porphyrins supported on different carbon 
nanotubes towards oxygen reduction reaction, Carbon 49 (2011) 4839–4847, 
https://doi.org/10.1016/j.carbon.2011.07.004. 

[26] C. Santoro, R. Gokhale, B. Mecheri, A. D’Epifanio, S. Licoccia, A. Serov, 
K. Artyushkova, P. Atanassov, Design of iron(II) phthalocyanine-derived oxygen 
reduction electrocatalysts for high-power-density microbial fuel cells, 
ChemSusChem 10 (2017) 3243–3251, https://doi.org/10.1002/cssc.201700851. 

[27] M. Steimecke, S. Rümmler, M. Bron, The effect of rapid functionalization on the 
structural and electrochemical properties of high-purity carbon nanotubes, 
Electrochim. Acta 163 (2015) 1–8, https://doi.org/10.1016/j. 
electacta.2015.02.142. 

[28] H. Schulenburg, S. Stankov, V. Schünemann, J. Radnik, I. Dorbandt, S. Fiechter, 
P. Bogdanoff, H. Tributsch, Catalysts for the oxygen reduction from heat-treated 
iron(III) tetramethoxyphenylporphyrin chloride: structure and stability of active 
sites, J. Phys. Chem. B 107 (2003) 9034–9041, https://doi.org/10.1021/ 
jp030349j. 

[29] V. Datsyuk, M. Kalyva, K. Papagelis, J. Parthenios, D. Tasis, A. Siokou, I. Kallitsis, 
C. Galiotis, Chemical oxidation of multiwalled carbon nanotubes, Carbon 46 
(2008) 833–840, https://doi.org/10.1016/j.carbon.2008.02.012. 

[30] J.L. Hueso, J.P. Espinós, A. Caballero, J. Cotrino, A.R. González-Elipe, XPS 
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