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ABSTRACT: This paper reports an investigation into the aging of
pyrolyzed cobalt/polypyrrole (Co/PPy) oxygen reduction reaction
(ORR) electrocatalysts, based on quasi-in-situ photoelectron
microspectroscopy. The catalyst precursor was prepared by
potentiostatic reverse-pulse coelectrodeposition from an acetonitrile
solution on graphite. Accelerated aging was obtained by quasi-in-
situ voltammetric cycling in an acidic electrolyte. Using photo-
electron imaging and microspectroscopy of single Co/PPy grains at
a resolution of 100 nm, we tracked the ORR-induced changes in the
morphology and chemical state of the pristine material, consisting of
uniformly distributed ∼20 nm nanoparticles, initially consisting of a
mixture of Co(II) and Co(III) oxidation states in almost equal
amounts. The evolution of the Co 2p, O 1s, and N 1s spectra
revealed that the main effects of aging are a gradual loss of the Co present at the surface and the reduction of Co(III) to Co(II),
accompanied by the emergence and growth of a N 1s signal, corresponding to electrocatalytically active C−N sites.

KEYWORDS: cobalt, polypyrrole, oxygen reduction, electrocatalyst, nanocomposites, photoelectron microscopy,
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1. INTRODUCTION

Nonprecious metal−nitrogen−carbon (M/N/C) catalysts have
been extensively studied as possible substitutes of Pt-based
materials for air cathodes, since the discovery of the
electrochemical activity of cobalt phthalocyanine and of
transition metal macrocycles, in general, toward the oxygen
reduction reaction (ORR).1 Intense research activities were
dedicated to the fabrication of pyrolyzed transition metal
macrocycles2−5 and to the identification of the catalytic centers
in the O2 reduction mechanism.6−11 M/N/C-based materials,
synthesized by employing a multiplicity of metal, nitrogen, and
carbon precursors, have been reported to exhibit promising
electrocatalytic performance.9,2,12−17 In particular, conjugated
heterocyclic conducting polymers have been used as convenient
nitrogen sources for the fabrication of M/N/C ORR
electrocatalysts.18,19,7,20−24 Among them, polypyrrole (PPy) is
considered the most promising one25 for the following reasons:
(i) high electrical conductivity,26 (ii) excellent support
capability for catalysts such as metal oxides27 and metal-based
complexes,28,29 and (iii) easy chemical30 and electrochemical31

synthesis routes. Currently, the most common methods to
prepare Co/PPy electrocatalysts are (i) functionalization of
carbon nanoparticles by chemical polymerization of pyrrole,
followed by the chemical reduction or impregnation of a cobalt

salt into the polymer;22,32−34 (ii) fluidized-bed electropolyme-
rization,35 leading to the formation of a cobalt-modified PPy
film supported on carbon nanoparticles; (iii) spraying or
printing of carbon-supported Co/PPy incorporated into an ink;
and (iv) direct electrodeposition using anodic polarization to
electropolymerize pyrrole as a film and cathodic polarization to
deposit the metal into the polymer structure.36−39 However,
the catalyst stability in acidic solution under oxygen reduction is
the main problem hindering the practical replacement of the
traditional Pt/C catalysts with M/N/C-based ones and has not
yet been thoroughly investigated. Heat treatments have been
found to be beneficial for electrodeposited polypyrrole−metal
compounds, and in particular, both catalytic activity and
durability have been found to increase drastically after
pyrolysis,22,37,40−45 the enhanced stability being attributed to
the formation of active sites favoring the four-electron-transfer
ORR pathway, thus reducing the peroxide generation rate.46,47

In the present paper we combine electrochemistry and quasi-
in-situ X-ray photoelectron microspectroscopy to shed light on
the morphology and composition of pyrolyzed Co/PPy
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electrocatalysts, whose precursors have been synthesized via the
electrochemical route,37−39 as well as on the changes occurring
at different stages of aging under ORR conditions.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Co/PPy Electrocatalyst. The Co/PPy

electrocatalysts were fabricated following a two-step procedure: (i)
electrochemical synthesis and (ii) pyrolysis.
The electrochemical synthesis of Co/PPy nanocomposites was

performed using a classical three-electrode cell with a graphite disk (Φ
= 10 mm) working electrode (WE), a Pt wire spiral (5 cm2) counter
electrode (CE), and an aqueous silver/silver chloride (Ag/AgCl/3 M:
0.209 V/NHE) reference electrode (RE), connected to the solution by
a salt bridge. Coelectrodeposition was carried out in deaerated
acetonitrile solutions containing 0.1 M pyrrole (Sigma-Aldrich, reagent
grade, 98%), 0.05 M CoCl2·6H2O (Carlo Erba, 99%), 1% v/v H2O,
and 0.1 M TBAP (tetrabutylammonium perchlorate, Alfa Aesar, 99%)
supporting electrolyte according to the step-pulsed potential
procedure proposed in ref 37 and developed in our recent papers.38,39

This particular pulse-plating process consists of the repetition of an
optimized cycle consisting of (i) an initial step at 0 V for 1 s intended
to relax the compositional double layer, (ii) a subsequent anodic pulse
at +1.2 V for 0.5 s aimed at electrodepositing PPy, (iii) a cathodic step
at −1.8 V for 0.5 s to incorporate the reduced Co species into PPy, and
(iv) a final anodic step at +1.2 V for 0.2 s forming a capping layer of
PPy. The potential values have been selected according to the cyclic
voltammetric results reported in refs 37 and 39.
The pyrolysis of Co/PPy catalysts electrodeposited on graphite was

realized in a tubular quartz flow reactor. N2 at a flow rate of 80 cm3

min−1 was used as the carrier gas. After purging with N2 for 10 min,
the temperature was increased at a rate of 10 °C min−1 up to 670 °C
and then kept constant for 2 h.
2.2. ORR Aging Procedure. The aging of pyrolyzed Co/PPy

electrodes was studied by recording successive ORR voltammograms
in a stagnant O2-saturated 0.5 M H2SO4 (Sigma-Aldrich 95−98%)
electrolyte under quasi-steady-state conditions (5 mV s−1). O2 (SIAD:
Societa ̀ Italiana Acetilene e Derivati Spa) was allowed in the
electrochemical chamber at 1 bar. The electrochemical measurements
were performed at room temperature using a VersaStat potentiostat. In
order to gain information on the stability of catalysts subjected to
prolonged ORR, scanning photoelectron microscopy (SPEM) and
micro-X-ray photoelectron spectroscopy (XPS) analyses have been
conducted quasi-in-situ by applying three representative sets of aging
conditions: 40, 140, and 300 voltammetric cycles.
2.3. FE-SEM. The morphology and quality of the Co/PPy catalysts

electrodeposited on graphite disks and subsequently pyrolyzed were
investigated by NVISION 40 Zeiss cross-beam focused ion beam
(FIB) machine equipped with a high-resolution Gemini field emission
gun (FEG) scanning electron microscope column, with a Ga source
ion column and with an Oxford INCA 350 Xact energy dispersive X-
ray spectrometer (EDX). Quantitative image analysis was performed
with ImageJ software.
2.4. Scanning Photoelectron Microscopy (SPEM). SPEM

measurements were carried out at the ESCA-microscopy beamline
of the Elettra Synchrotron laboratory in Trieste,48 operated in both
photoelectron (PE) spectroscopy and imaging modes. PE spectra are
measured from selected microspot regions, and PE maps are acquired
by scanning the sample with respect to the microprobe, tuning the
analyzer to the energy window of an element core level of interest. The
present measurements were carried out with 1030 eV photon energy,
0.3 eV energy resolution, and 0.1 μm lateral resolution. More details
about the SPEM setup and operation parameters can be found in refs
48−50.
The Co/PPy sample was mounted on a sample holder that bears an

electrical connection allowing its use as a WE. Using an ultrahigh
vacuum (UHV) compatible transfer arm, the electrode can be placed
in contact with the electrolyte in a hanging-meniscus configuration in
order to run the electrochemical reactions and, after the ORR
treatment, can be transferred to the SPEM analysis station without

exposure to air. The electrochemical cell, evacuated and keeping the
electrolyte frozen using a liquid nitrogen trap, was filled with pure O2
to atmospheric pressure, and then the electrolyte was warmed to room
temperature (for details on our quasi-in-situ protocol, see ref 51). The
aging of pyrolyzed Co/PPy electrodes was studied by recording
successive ORR voltammograms in O2-saturated 0.5 M H2SO4
aqueous electrolyte under quasi-steady-state conditions (5 mV s−1)
in a stagnant electrolyte.52

3. RESULTS AND DISCUSSION
3.1. FE-SEM and EDX Analyses. Figure 1 shows FE-SEM

micrographs before and after pyrolysis of PPy (panels a and b)

and Co/PPy deposits after 2 (panels c and d) and 60 (panels e
and f) pulse-plating cycles. The electropolymerization of
polypyrrole leads in all cases to a film covering uniformly the
graphite substrate (panels a, c, and e). Pyrolysis of the polymer
gives rise to a mesh of uniformly distributed organic fragments
(panel b), on which Co-containing nanoparticles can be clearly
discerned when Co/PPy precursors are employed (panels d
and f). By increasing the number of electrodeposition cycles
from 2 (panel d) to 60 (panel f), progressive agglomeration of
Co particles takes place (information regarding intermediate

Figure 1. FE-SEM micrographs of PPy and Co/PPy electrodeposits (2
and 60 electrodeposition cycles) before (a, c, e) and after (b, d, f)
pyrolysis. (g) Graphite electrode. (h) Co/PPy (60 electrodeposition
cycles) after 300 cyclovoltammetric cycles of oxygen reduction aging
(see Figure 2). The EDX spectra recorded for the areas within the red
squares are overlapping the images in panels e and f.
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conditions, 20 and 40 cycles, is reported in Figure S1 of the
Supporting Information).
The optimization of the pulse cycle number was performed

on the basis of oxygen reduction electrocatalytic parameters
(for quantitative details, see Table S1 in the Supporting
Information) and identified 60 cycles as the best choice in view
of electrocatalytic activity. The micrographs of the pyrolyzed
sample after 60 electrodeposition cycles before ORR treatment
(pristine) show a population of nanoparticles with a mean
diameter of 19.6 nm and standard deviation of 9.6 nm. These
particles are uniformly distributed over the main surface, as
shown in the SEM images taken at lower magnifications
(Figure S2a,b, Supporting Information) and resemble the
typical morphology of calcined Co3O4 nanoparticles.53 It is
noteworthy that polypyrrole acts as a physical barrier to limit
the sintering of particles during the thermal treatment.54

The presence of Co and oxygen in the particles was
confirmed by the EDX spectra of as-electrodeposited (Figure
1e) and pyrolyzed (Figure 1f) Co/PPy, collected in different
areas of 10 independently synthesized replicate samples. The
nitrogen EDX peak (Figure 1e,f), clearly visible for unpyrolyzed
Co/PPy, disappears after pyrolysis in agreement with XPS
analysis (section 3.2.2). Panel h of Figure 1 reveals that Co
grains of pyrolyzed Co/PPy (60 cycles of synthesis) tend to
disappear after 300 ORR cycles, in agreement with SPEM
results discussed in section 3.2.2. For comparison, in panel g we
also report the morphology of the graphite support.
3.2. Co/PPy Aging Studied by Quasi-in-Situ Photo-

electron Microspectroscopy. The surface morphochemical
evolution of a typical pyrolized Co/PPy sample subjected to
successive electrochemical aging treatments was studied by
quasi-in-situ SPEM. The experimental procedure, detailed in
the Supporting Information (Figure S3), involved sequential

sample transfer between the O2-pressurized electrochemical cell
containing a 0.5 M H2SO4 aqueous solution, equipped with Pt
QRE and CE, and the UHV SPEM analysis chamber. The
SPEM setup has the capability of probing the same area after
each electrochemical treatment, allowing single-grain spectros-
copy.

3.2.1. ORR Cycling. The evolution of ORR electrocatalytic
activity of the Co/PPy electrodes in the electrochemical
chamber was monitored by measuring quasi-steady-state cyclic
voltammograms. The same measurements, duplicated in argon
atmosphere, indicate that the thermodynamically expected
contribution of the Co(III)/Co(II) redox reaction is negligible
with respect to the oxygen reduction current (black curve in
Figure 2a and Figure S4 in the Supporting Information), in
agreement with the literature regarding carbon-supported
unpyrolyzed and pyrolyzed Co/PPy.22,55 Possible explanations
of the empirically assessed electrochemical stability are given in
the Supporting Information.
Panels a−c in Figure 2 show the cyclovoltammetries

corresponding to the three oxygen reduction aging steps we
applied to the electrocatalyst40, 140, and 300 cycles
whereas panel d shows the corresponding peak current
densities (ip) and the half-wave potential (E1/2) variations.
For each aging condition (0−40, 41−140, and 141−300
cycles), an initial transient followed by a stationary evolution of
the considered parameter (ip, E1/2) can be observed. The ip and
the E1/2 values gradually decrease inside the first and second
aging stages, indicating a gradual decline in catalytic activity,
similar to that observed for pyrolyzed cobalt macrocycles
deposited by vacuum sublimation on a carbon support, where
the decay of the active sites is attributed to the formation of
highly oxidizing H2O2.

52 The damaging effect of H2O2the
reaction intermediate produced by the ORR two-electron

Figure 2. Quasi-steady-state cyclic voltammograms recorded in the electrochemical chamber connected to the SPEM analysis chamber. Electrode,
Co/PPy (60 electrodeposition cycles); electrolyte, 0.5 M H2SO4 aqueous solution; scan rate, 5 mV s−1; number of cycles, (a) 0−40, (b) 41−140, and
(c) 141−300. (d) Variation of peak current density (ip) and half-wave potential (E1/2) with the number of cycles.
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mechanismtoward Co grains during the oxygen reduction
reaction takes place through the oxidation of Co(II) oxide to
soluble Co(III) species according to eq 3 in Figure 3b. It is
worth noting that the CoO/Co3O4 solid transition has been
reported to be kinetically hindered in conditions similar to
ours.56

In the third aging stage, the ip value continues to decrease,
while the E1/2 value increases until a plateau is attained at ca.
the 220th cycle. This behavior seems to denote a change in the
ORR catalytic mechanism. The leaching of the Co particles
pinpointed by SPEM (section 3.2.2) is in fact a factor liable to
affect the catalyst activity.
3.2.2. SPEM Characterization of the Co/PPy Composites.

The only elements that were observed in the XPS spectra of
pristine samples were C, Co, and O. No detectable N 1s signal
was measured in any location of the sample, in agreement with
EDX results, while an intense N 1s pyrrolic-type signal typical
of PPy materials57 and unpyrolyzed Co/PPy58 was measured
before pyrolysis (Figure S5 of the Supporting Information).
Positive evidence of PPy formation and measured N
distributions before pyrolysis are also reported in a recent
paper of ours.39 The complexity of these findings confirms that
N is lost during pyrolysis, according to the scheme of Figure 3a.
At the temperature used in this work (670 °C), the polymer
undergoes fragmentation and gasification, forming volatile
species containing nitrogen, such as HCN or C2H3N.

59,60

During pyrolysis cobalt oxide, present on the surface of

unpyrolyzed Co/PPy in the form of grains overhanging
polypyrrole (Figure 1e), remains on the surface (Figure 1f),
while the PPy layers lose N by gasification. This process is at
least in part hindered under the cobalt grains, where active C−
N and/or Co−N bonds can be formed (scheme of Figure 3a)
and gradually appear with oxygen reduction aging (scheme of
Figure 3b). The progressive vanishing of the N 1s XPS signal
with increasing pyrolysis temperature is known in the case of
Co/PPy supported on carbon particles.61

Figure 4a reports Co 2p, O 1s, and secondary electron
background (BG) maps of a pristine pyrolyzed Co/PPy
electrode. Since the sample is not perfectly flat, the contrast
of the as-measured images contains significant contributions
from surface topography that dominates the BG contrast. The
grazing acceptance angle of the analyzer implemented at the
ESCA microscopy beamline gives rise to the fact that electron
emission is seemingly enhanced or attenuated by the
topographic features;49 nevertheless, despite these topography
artifacts, one can clearly see the presence of distinct correlated
bright regions in the Co and O maps. Such high local
concentration of these elements is apparently due to the
presence of Co oxide aggregates. This is confirmed by the
micro-XPS spectra displayed in Figure 5. It is worth noting that,
although the SPEM lateral resolution (∼100 nm) is inferior to
that of SEM, the SPEM maps reveal a morphology of the
pristine sample that is very similar to that observed by SEM
(Figure 1).

Figure 3. Schemes illustrating (a) the reason why N atoms are not revealed by XPS in the pristine pyrolyzed Co/PPy sample and (b) the
morphochemical evolution of Co grains during oxygen reduction.
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The morphochemical evolution of the pristine sample, after
successive application of 40, 140, and 300 ORR voltammetric
cycles, was followed by both chemical imaging and micro-
spectroscopic analysis. The upper row of Figure 4b shows the
evolution of the Co 2p maps of a representative surface area.
Using the image processing procedure developed in ref 62,
which allows a strong reduction of the topographic
contribution, we obtained the Co images displayed in the
bottom row of Figure 4b, where the contrast is dominated
exclusively by the distribution of the Co particles. The Co maps
taken after successive ORR cycles clearly evidence that the
amount of Co and the size of the Co aggregates gradually
decrease and the bright areas, dominated by the Co signal,
practically disappear after 300 ORR cycles.
Detailed chemical state information was obtained from the

Co 2p and O 1s spectra, reported in Figure 5a, measured on the
microspots denoted by the numbers 1−4 in the Co maps
(Figure 4). The bottom spectrum in each subpanel corresponds
to the initial (pristine) state. The selected areas represent four
grains of the pristine sample with high (positions 1, 2, and 4)
and low (position 3, ∼8 times less comparing the contrast and
Co 2p signal) concentration of Co aggregates. The spectra
taken in positions 1 and 2 under all the investigated conditions
were practically identical, whereas the spectra measured in the
other two areas show different initial chemical state and a
different evolution during electrochemical aging. The correla-
tive contrast of the Co 2p and O 1s maps clearly indicates that
the chemical state of Co in the aggregates is that of an oxide.
The two stable Co oxides are Co3O4 and CoO, which have
characteristic Co 2p peaks at ∼779.5 and 780.2−780.6 eV,
respectively, both shifted to higher binding energy with respect

to the metallic Co peak at 778.3 eV.63−66 The main Co(III) and
Co(II) peaks also have satellites in the 786−789 eV energy
range, the CoO one being significantly stronger.
Using this information we deconvoluted the measured Co 2p

spectra using two components for the Co(III) and Co(II)
peaks, respectively, and a single component for the satellite.
The main O 1s peaks, corresponding to the two Co oxides, are
positioned within the same energy range 529.5−530.0 eV, the
Co3O4 having also a distinct shoulder at ∼531.2 eV. Peak
deconvolution clearly reveals that in all regions both Co oxides
are coexisting in the pristine state but with different ratios:
Co3O4 dominates in the low Co concentration region 3,
whereas CoO prevails in region 4.
As detailed above, the evolution of the chemical state in each

location was followed after different degrees of aging by
potential cycling in the ORR range. With an increasing number
of ORR cycles, there is a clear trend of gradual reduction to
CoO. This is accompanied by a decrease and disappearance of
the Co 2p signal, in concert with the observed extinction of the
Co oxide aggregates in the Co and O maps in Figure 4. The
change in the Co oxidation state and the loss of the Co catalyst
with aging is confirmed by the evolution of the corresponding
O 1s spectra measured in locations 1−4. Since the O 1s spectra
of the two Co oxides do not have very distinct differences,
except for the shoulder at ∼531.2 eV for Co3O4, the line shape

Figure 4. Quasi-in-situ SPEM maps of the same area of a pyrolyzed
Co/PPy electrocatalyst. (a) Pristine conditions, with photoelectron
micrographs measured at the Co 2p and O 1s energies and secondary
electron background map (BG). (b) Photoelectron micrographs
recorded at the Co 2p energy of the same region depicted in panel a
under pristine and aged conditions (details reported on the image);
upper row, raw maps; bottom row, minimized topography
contribution (see the text). Aging was obtained by prolonged
voltammetric cycling (see indications in the image and refer to Figure
2) in 0.5 M H2SO4 aqueous solution.

Figure 5. (a) Micro-XPS Co 2p and O 1s spectra measured at the
points indicated in Figure 4 before and after various electrochemical
aging steps. (b) Micro-XPS Co 2p/O 1s ratio as a function of the
number of ORR voltammetric cycles.
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change (loss of the shoulder and the small energy shift) can be
attributed to an ongoing reduction process. The reduction of
the Co3O4 to CoO with ORR cycles is also confirmed by the
plots in panel b showing an increase of the Co 2p/O 1s ratio.
However, the O 1s signal does not disappear completely like
the Co 2p one: after the Co peak has faded away, a broad O 1s
peak still remains, which is positioned at higher binding energy
∼532 eV. The broad O 1s spectrum contains contributions
from adsorbed O or O-containing species (e.g., OH, CO).67−70

The increase in the CoO/Co3O4 ratio with the number of ORR
cycles is the result of two main processes activated by aging: (i)
the surface depletion of charge in the presence of acidic sites71

(reaction 1, Figure 3) and (ii) the relative dissolution rates of
Co(III) (reaction 2, Figure 3) and Co(II) oxides (reaction 3,
Figure 3), operating on the initial Co(II) and Co(III)
distribution within the pristine grain and resulting in a gradual
change of the Co(II)/Co(III) at different stages of ORR cycling
(scheme of Figure 3b).
These findings are in agreement with the cyclovoltammetric

results shown in Figure 2d. The aging process leads to a
monotonical decrease of the current density peak, in agreement
with the progressive reduction of the area covered with Co
aggregates and to the decrease and subsequent stabilization of
the half-wave potential, correlated to the chemical nature of the
catalyst. Undoubtedly, the decrease of the catalysts activity with
cycling is a result not only of Co losses but also of complex
modifications in the morphology and electronic structure of the
surface, correlated with the particle size and Co chemical
state.71,72

Close inspection of the XPS spectra revealed that the
disappearance of Co oxide catalyst particles from the
investigated locations is accompanied by the appearance and
growth of the N 1s spectrum. Figure 6a shows that the N 1s
signal emerges from the background after having applied 140
ORR cycles and that its intensity increases after 300. A similar

trend was observed in all investigated locations. The N 1s
spectra measured in the four locations of interest after 300
ORR cycles are displayed in Figure 6b. The line shapes of the N
1s spectra are clearly a result of several components and closely
resemble those reported in the literature regarding pyrolyzed
Co-PPy/carbon materials.22,35,52,70,74,75 According to refs 70,
74, and 75, four different N-coordination types can be
distinguished: (i) pyridinic N or (ii) metal-bonded N at
397−399.5 eV; (iii) pyrrolic N at 399.9−400.7 eV, and (iv)
graphitic N at 401−403 eV. The N 1s spectrum shown in
Figure 6b reveals the presence of pyridine-like and/or N−Co
like (397 eV), pyrrolic (399.6 eV), and graphitic (400.6 eV)
nitrogen in all the investigated areas. It is worth noting that in
Co-deprived areas corresponding to the flat, C-rich back-
ground, the graphitic N component is more pronounced,
indicating that N can also be bonded with carbon after
pyrolysis. Thus, the residual catalytic activity found after the
extinction of the Co 2p signal suggests that the removal of Co
species from the surface can be the reason why the signal from
C−N sites becomes detectable.
The initial high ORR activity of Co(II,III) oxides in the

absence of N-sites (Figure 2a) indicates that cobalt plays a
fundamental role on the ORR activity; moreover, the N−C
moieties emerging since the second ORR stage (140 ORR)
contribute to the ORR activity by stabilizing the half-wave
potential decrease with aging.

4. CONCLUSIONS

The present study is focused on the electrochemical aging,
under oxygen reduction reaction conditions, of pyrolized Co/
PPy nanocomposites obtained by electrodeposition. Artificial
aging of the electrocatalyts was achieved by subjecting the
material, in contact with an acidic electrolyte, to a sequence of
voltammetric cycles in the ORR potential range. Highly surface
sensitive photoelectron microspectroscopy highlighted dramat-
ic changes in surface composition, chemical state, and
morphology that correlate with the decay of the electrocatalytic
activity. The pristine electrocatalyst surface was found to
consist of a mixture of Co(II) and Co(III) oxides in
comparable amounts, aggregated in globular nanoparticles
∼20 nm in diameter. Co 2p and O 1s spectra and chemical
maps have revealed the gradual loss of Co from the surface,
accompanied by partial reduction of the Co(III) oxide to the
Co(II) form. The evolution of the amount of Co and of its
chemical state correlate well with that of the cyclovoltammetric
response. Moreover, after cobalt has practically vanished from
the topmost surface layer as a result of prolonged cycling, the N
1s signal was found to appear and grow with aging: we have
explained this behavior with the presence of C−N active sites in
the deeper layers, correlating with the residual catalytic activity
still measurable after the disappearance of cobalt from the
surface.
In conclusion, the possibility of measuring quasi-in-situ and

dynamically the compositional and chemical state space
distribution of pristine and electrochemically aged Co/PPy
with single-grain resolution has provided new and otherwise
unattainable data for the molecular level understanding of some
of the key factors determining the properties and durability of
M/C/N-based ORR electrocatalysts.

Figure 6. Micro-XPS N 1s spectra measured: (a) of point 4 at various
aging stages and (b) after 300 ORR cycles of points 1−4. The point
positions are indicated in Figure 4.
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M.; Knop-Gericke, A.; Schlögl, R. Methanol Oxidation over Model
Cobalt Catalysts: Influence of the Cobalt Oxidation State on the
Reactivity. J. Catal. 2010, 269, 309−317.
(66) Biesinger, M. C.; Payne, B. P.; Grosvenor, A. P.; Lau, L. W.M.;
Gerson, A. R.; St. C. Smart, R. Resolving Surface Chemical States in
XPS Analysis of First Row Transition Metals, Oxides and Hydroxides:
Cr, Mn, Fe, Co and Ni. Appl. Surf. Sci. 2011, 257, 2717−2730.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am504111s | ACS Appl. Mater. Interfaces 2014, 6, 19621−1962919628



(67) Oku, M.; Hirokawa, K.; Ikeda, S. X-ray Photoelectron
Spectroscopy of Manganese−Oxygen Systems. J. Electron Spectrosc.
1975, 7, 465−473.
(68) Barr, T. L.; Fries, C. G.; Cariati, F.; Bart, J. C.; Giordano, N. A
Spectroscopic Investigation of Cerium Molybdenum Oxides. J. Chem.
Soc., Dalton Trans. 1983, 1825−1829.
(69) Larachi, F.; Pierre, J.; Adnot, A.; Bernis, A. Ce 3d XPS Study of
Composite CexMn1−xO2−y Wet Oxidation Catalysts. Appl. Surf. Sci.
2002, 195, 236−250.
(70) Zhang, H. J.; Kong, H. C.; Yuan, X. X.; Jiang, Q. Z.; Yang, J. H.;
Ma, Z. F. Influence of Metal Precursors on the Catalytic Activity and
Structure of Non-Precious Metal Electrocatalysts for Oxygen
Reduction Reaction. Int. J. Hydrogen Energy 2012, 37, 13219−13226.
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