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1. Introduction

ABSTRACT

The impregnation of Ketjen Black (C) with iron and cobalt phthalocyanines (MPc) taken one by one or as a
1:1 stoichiometric mixture, followed by heat treatment at 600 °C under inert atmosphere, gave materials
containing arrays of single metal ions coordinated by four nitrogen atoms (M-N4 units). Increasing the
pyrolysis temperature to 800° resulted in the formation of carbon-supported, nanosized metal particles.
A key role of the carbon support in determining the material structure at either temperature investigated
was demonstrated by TPD, EXAFS, XANES and XRPD studies. These also showed that a Fe-Co alloy is
obtained at 800 °C when the impregnation of Ketjen Black involves a mixture of FePc and CoPc. Electrodes
coated with the different Fe, Co and Fe-Co materials, containing ca. 3 wt% metal loadings, were scrutinized
for the oxygen reduction reaction (ORR) in alkaline media by linear sweep voltammetry. For comparative
purposes, two Pt electrocatalysts containing 3 and 20 wt% metal were investigated. The electrochemical
activity of all materials was analyzed by Tafel and Koutecky-Levich plots as well as chronopotentiometry.
The Fe-containing electrocatalysts have been found to be highly active for the ORR in alkaline media with
convective limiting currents as high as 600 AgFe~! at room temperature and onset potentials as high
as 1.02V vs. RHE. It has been found that (i) the ORR mass activity of the Pc-derived electrocatalysts is
superior to that of the Pt catalysts investigated; (ii) the activity of FePc and FePc-CoPc/C, heat treated
at either 600 or 800°C, is superior to that of the corresponding Co materials; (iii) the electrocatalysts
obtained at 600 °C are fairly more active than those obtained at 800°C.

© 2010 Elsevier B.V. All rights reserved.

oxidation state, while metal particles are obtained at higher tem-
peratures, around 800°C [13-21]. Either morphology is active for

Since the pioneer work by Jasinski in 1964 [1], cobalt and iron
complexes with phthalocyanines (Pc) or similar N-macrocycles,
supported on carbon blacks, have been largely used as electro-
catalysts for the oxygen reduction reaction (ORR), either in the
molecular form [2-12] or after thermal treatment under inert
atmosphere [13-21]. Within the latter context, the pyrolysis tem-
perature has been found to be a crucial parameter to determine the
structure of metallophthalocyanine-derived electrocatalysts and,
consequently, their electrochemical performance. It is now appar-
ent that pyrolysis temperatures around 600 °C lead to the prevalent
formation of M-N4 units with the metals predominantly in the +2
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the ORR in both alkaline and acidic media, yet the electrocatalysts
are more stable in the former environment [16,22,23]. As a matter
of fact, MPc-derived electrocatalysts are overwhelming any other
material, including Pt, for alkaline direct alcohol fuel cells (DAFCs),
in terms of both cost and performance [23].

In this paper, we describe the synthesis and characterization of
a family of electrocatalysts based on iron phthalocyanine (FePc),
cobalt phthalocyanine (CoPc) and mixtures thereof. To the best of
our knowledge, electrocatalysts obtained by mixing FePc and CoPc
have not been reported so far. Likewise, the conductive carbon used
in this work, Ketjen Black, has been scarcely investigated as support
for MPc-based electrocatalysts [12].

A multiform study, encompassing Temperature-Programmed
Decomposition (TPD), Extended X-ray Absorption Fine Structure
Spectroscopy (EXAFS), Near Edge X-ray Absorption Spectroscopy
(XANES), X-ray Powder Diffraction (XRPD) and various analytical
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techniques, has provided us with areliable picture of their structure
as well as the mechanism leading to the formation of the electroac-
tive phases. The electrochemical activity of all catalysts towards the
ORR in alkaline media has been investigated and compared to that
of proprietary or commercial Pt catalysts.

2. Experimental
2.1. Materials and general instrumentation

All manipulations, except as stated otherwise, were routinely
performed under a nitrogen atmosphere using standard airless
technique. Ketjen Black (EC-600]D) was purchased from Akzo
Nobel. Pt/Vulcan (Pt 20 wt%) was purchased from E-TEK. All the
solutions were freshly prepared with doubly distilled-deionized
water. The sonication process was made with a Bandelin Sonopuls
probe instrument.

Prior to deposition of Fe and/or Co phthalocyanines, the carbon
support (5 g) was treated with 400 mL of a 1:1 (v:v) mixture of 98%
H,S04 and 70% HNOs3 for 24 h at room temperature, followed by
washing with deionized water and dried over night at 60 °C under
reduced pressure. All metal salts and reagents were purchased
from Aldrich and used as received. SiO, (mesoporous, amorphous
support, SSA=330m? g-1) was purchased from Grace. The quartz
power (fine granular, washed and calcined GR for analysis) was
purchased from Merck. Iron(II) and cobalt(Il) phthalocyanines were
purchased from Aldrich and used as received.

Temperature Programmed Decomposition (TPD) experiments
were carried out under a helium flow (5.0 purity, further puri-
fied by a Supelco gas purifier) at 10mLmin~! and a heating rate
of 5°Cmin~!. The gaseous products were analyzed by an on-line
QMS (MASSTORR FX, 0-100 amu) connected downstream; the solid
products condensed on the reactor cold walls were further analyzed
by GC-MS (HP 5890 series Il GC - HP 5971 series mass selective
detector) and by CHN analysis (Perkin Elmer 2400).

The metal contents were determined by ion chromatography.
Each sample (50 mg) was treated in a microwave heated diges-
tion bomb in sealed PTFE vessels with concentrated HNO3 (2.0 mL)
and 98% H,S04 (2 mL). The heating program comprised some pre-
heating steps and a final 10 min digestion step at 220°C. After
the carbon residue was filtered off, the solutions were analyzed
using an ion-chromatographic apparatus (Metrohm, 761 model)
equipped with a post-column derivatization system and UV detec-
tor.

EXAFS measurements have been carried out at the XAFS beam-
line at the Elettra synchrotron facility in Basovizza (Trieste) by
means of a double-crystal Si(111) monochromator. All sam-
ples, pure mono and bi-metallic complexes, systems after carbon
impregnation and after pyrolysis, have been measured in trans-
mission mode at RT at both metal edges. Iron and Cobalt foil and
Fe(II) and Co(II) acetates have been used as reference materials for
the experimental phase and amplitude function extraction. Spec-
tra, recorded over samples loaded into sample-holders in a dry-box
under N, atmosphere at the end of each treatment, have been
acquired at room temperature and at least three scans per spec-
trum have been averaged in order to improve the signal-to-noise
ratio and to evaluate the error bars. Data analysis has been per-
formed with the FEFF8 software package. The experimental x(k)
functions have been extracted from the absorption spectra through
a standard procedure of subtraction of the pre-edge and fit eval-
uated monoatomic background, and normalization to the edge
jump with the Langeler method. The so obtained signals, multi-
plied by a proper function (Kaiser window t =3), have been Fourier
transformed over the k 2.5-15 A~1. The FFT convolution peaks, rep-
resenting the radial distribution of the scattering atoms around the

absorbing element, have been back filtered and fitted k1-space by
the non-linear, least-squares, multiple scattering IFEFF application.

X-ray Powder Diffraction spectra were acquired at room tem-
perature with a PANalytical X’PERT PRO diffractometer, employing
Cugq radiation (A=1.54187A) and a parabolic MPD-mirror. The
spectra were acquired in the 20 range from 5.0 to 120.0°, using a
continuous scan mode with an acquisition step size of 0.0263° and
a counting time 0f 49.5 s. The “in situ” thermo-diffraction study was
carried with an Anton Paar (HTK 1200) high temperature reaction
chamber applying nitrogen and argon as inert gases an applying a
heating rate of 15°Cmin~!.

2.2. Electrochemical measurements

In the linear sweep voltammetry was used a Pyrex™ (Prince-
ton Applied Research) glass cell filled with a 0.1 M KOH solution
into which O, was bubbled (30 mLmin~!) for 30 min prior to
each experiment. The reference electrode was a commercial
Ag/AgCl/KClsa: (Princeton Applied Research) with a potential of
+197 mV respect to the NHE. The counter electrode was a plat-
inum gauze enclosed in a glass tube with porous bottom. All
electrochemical studies were carried out using a Parstat 2277
potentiostat-galvanostat (Princeton Applied Research) equipped
with Model 616 Rotating Disk Electrode (PAR/Ametek).

2.2.1. Ink preparation

A portion (48 mg) of each electrocatalyst was placed in a high
density polyethylene vessel together with 2.2 g of anhydrous THF
and 0.19 g of a Tokuyama™ OH-type anion exchange resin in alco-
hol solution. The resulting suspension was sonicated for 1h with a
FALC sonic bath and then introduced into a 5mm (A=0.1963 cm?)
teflon potted glassy-carbon rotating disk electrode tip (PINETM)
by means of a 5l micro-pipette. Each suspension was freshly
prepared just before carrying out the experiment scheduled. The
amount of ink was weighted by means of an analytical balance. Each
electrode was dried for 30 min before it was mounted on the rotat-
ing disk electrode shaft and then immersed into the O, saturated
solution. Linear sweep voltammetry experiments were carried out
at an electrode rotating speed of 1600 rpm (except for the Levich
plot experiments where the speed varied from 400 to 2600 rpm).
The potential was swept from +200 mV vs. Ag|AgCl|KClsat (close to
the OCV of the electrode in the same conditions) to —400 mV, below
the potential at which the convective current limit was reached.
A sweeping rate of 5mVs~! was applied, which is slow enough
to ensure a steady state in each point of the curve. Chronopoten-
tiometric experiments were carried out by imposing a constant
cathodic current of 2.5mAcm~2 measuring the variation of the
potential of the electrode with the time; the solution was saturated
by continuous O, bubbling.

2.3. Electrocatalysts preparation

2.3.1. Preparation of FePc/C, FePc/C (600) and FePc/C (800)

Ketjen Black (5 g) was added to a suspension of FePc (2.3 g) in
THF (200 mL) that had previously stirred for 30 min at room tem-
perature and then sonicated for 30 min. The resulting mixture was
stirred at room temperature for 2 h. Afterwards, the solvent was
removed under reduced pressure and the solid residue of FePc/C
was dried under high vacuum (yield 7.1 g). FePc/C (7.0 g) was intro-
duced into to a quartz tube and heated at 600°C (20°Cmin—!) or
800°C (20°Cmin~1) under a flow of nitrogen (1Lmin~') for 2h.
After cooling to room temperature under a nitrogen flow, the result-
ing black material, FePc/C (600) (yield 6.5 g) or FePc/C (800) (yield
5.9 g) was removed and stored under nitrogen.
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2.3.2. Preparation of CoPc/C, CoPc/C (600) and CoPc/C (800)

Ketjen Black (5 g) was added to a suspension of CoPc (2.3 g) in
THF (200 mL) that had previously stirred for 30 min at room tem-
perature and then sonicated for 30 min. The resulting mixture was
stirred at room temperature for 2 h. Afterwards, the solvent was
removed under reduced pressure and the solid residue of CoPc/C
was dried under high vacuum (yield 7.2 g). CoPc/C (7.0 g) was intro-
duced into to a quartz tube and heated at 600°C (20°Cmin~1) or
800°C (20°Cmin~1) under a flow of nitrogen (1Lmin~!) for 2h.
After cooling to room temperature under a nitrogen flow, the result-
ing black material, CoPc/C (600) (yield 6.6 g) and CoPc/C (800) (yield
6.2 g) was removed and stored under nitrogen.

2.3.3. Preparation of FePc-CoPc/C, FePc-CoPc/C (600) and
FePc—CoPc/C (800)

Ketjen Black (5g) was added to an equimolar mixture of FePc
(1.15g) and CoP¢/C (1.15g) in THF (100 mL) that had previously
stirred for 30 min at room temperature and further sonicated for
30 min. The solvent was then removed under reduced pressure
and the solid residue of FePc—CoPc/C was dried under high vacuum.
(yield 7.2 g). FePc-CoPc/C (7.0 g) was introduced into to a quartz
tube and heated at 600°C (20°Cmin~1) or 800°C (20°Cmin~1)
under a flow of nitrogen (1 Lmin~1) for 2 h. After cooling to room
temperature under a nitrogen flow, the resulting black material of
FePc-CoPc/C(600)(yield 6.8 g) or FePc-CoPc/C(800)(yield 6.4 g) was
removed and stored under nitrogen.

2.3.4. Preparation of FePc/SiO,, CoPc/SiO, and FePc-CoPc/SiO;

Mesoporous SiO, (0.5 g) was added to a THF suspension of FePc
(0.265¢g) or CoPc (0.256 g) or a mixture FePc (0.141g) and CoPc
(0.110g) sonicated for 20 min. The resulting slurry was sonicated
for 40 min, then the solvent was removed under reduced pressure
and the solid residue was dried under high vacuum. Yields FePc/SiO,
0.71 g, CoPc/SiO, 0.72 g and FePc-CoPc/SiO, 0.71 g.

2.3.5. Preparation of FePc/quartz or CoPc/quartz
FePc (0.024 g) or CoPc (0.023 g) was added to 0.033 g of quartz
powder and the mixture was thoroughly grinded in a mortar.

2.3.6. Preparation of Pt/C

Ketjen Black (3 g) was sonicated for 20 min in a 500 mL three-
necked flask containing ethylene glycol (400 mL). A solution of
H,PtClg (0.235 g, 0.453 mmol) in ethylene glycol (50 mL) and water
(50 mL) was added dropwise to the resulting suspension with stir-
ring. Successively, a solution of NaOH (5.6 g) in water (40 mL) was
introduced into the reactor which was then heated to 140 °C under
a nitrogen atmosphere. After 3 h, the reaction mixture was allowed
to cool to room temperature and the solid product was filtered off
and washed with distilled water to neutral pH. The final product
was dried at 50°C under vacuum to constant weight. Yield 3.2 g
ICP-AES (wt%): Pt 3.2.

3. Results and discussion
3.1. Synthesis of precursors and electrocatalysts

Ketjen Black (C) was impregnated with FePc, CoPc or their
equimolar mixture by stirring THF suspensions of the latter com-
plexes with the carbon material, followed by separation and drying
under reduced pressure. As shown by specific characterization
techniques (vide infra), an excellent dispersion of the starting metal
complexes was obtained, which is most likely due to strong -
graphene and o-oxygen interactions of the MPc moieties with
the carbon surface [24-27]. The resulting materials, FePc/C, CoPc/C
and FePc-CoPc/C were collected and adequately characterized (vide
infra). Next, the latter products were pyrolyzed under nitrogen at

Table 1
Elemental analysis (C, H, N, Fe or Co) of the material employed or synthesized in this
work.

Sample T(°C) C(wt%) H(wt%) N(wt%) Co(wts) Fe(wts)
KetJen Black  RT 96.60 0.44 0.09
FePc RT 64.61 2.77 18.50
CoPc RT 66.94 2.82 19.45
RT 82.50 1.69 5.08 3.10
FePc/C 600 87.94 0.62 347 2.88
800 91.31 0.40 1.36 3.02
RT 86.54 1.49 5.96 3.10
CoPc/C 600 88.09 0.76 5.33 3.10
800 87.51 0.93 3.65 3.29
RT 84.53 1.58 5.54 1.80 1.40
FePc-CoPc/C 600 88.24 0.88 4.88 1.64 1.06
800 90.62 0.54 248 1.72 1.13

600 or 800°C to give the electrocatalysts FePc/C(600), CoPc/C(600),
FePc-CoPc/C(600), FePc/C(800), CoPc/C(800) and FePc—CoPc/C(800),
respectively.

Table 1 reports selected elemental analysis data of both precur-
sors and final electrocatalytic materials. Irrespective of the starting
reagent and synthetic procedure, all samples were found to contain
an overall metal content of ca. 3 wt%.

For comparing the deposition and thermal decomposition of the
phthalocyanines, some model materials with a comparable metal
loading were prepared using an inert support material. Stirring
acetone suspensions of FePc, CoPc or their equimolar mixture in
the presence of mesoporous silica gave FePc/SiO;, CoPc/SiO, and
FePc-CoPc/SiO,, while FePc/quartz and CoPc/quartz were straight-
forwardly obtained by grinding appropriate amounts of either FePc
or CoPc with quartz powder.

3.2. Characterization

3.2.1. Temperature-Programmed Decomposition (TPD)

In addition to elemental analysis, all materials were charac-
terized by TPD (Fig. 1) and the decomposition products were
identified by various methods. The gaseous products were analyzed
by an on-line mass-spectrometer connected downstream, mon-
itoring the following mass channels: m/z=2 (Hy"); m/z=14 (N*,
CH,*); m/z=15(CH3*); m/z=27 (HCN*); m/z=28 (N,*,CO*,CoHy*);
m/z=43 (CH3CO"); m/z=77 (CgHs"). The solid products, condensed
on the reactor walls, were identified by GC-MS and CHN analysis.

All the samples supported on Ketjen Black showed the evo-
lution of the impregnation solvent, THF, at ca. 100°C. At higher
temperature, two peaks were observed for the m/z=2 mass chan-
nel: one at 570 and 640 °C for FePc/C and CoPc/C, respectively, the
other at 770-780°C for both metals. Different peak temperatures
for Fe and Co were also observed for the m/z=27 mass channel.
Indeed, the TPD profile of FePc/C showed a peak at 567°C and a
more intense peak at 777 °C, whereas the profile of CoPc/C pyrol-
ysis showed only a peak at 805°C. Notably, no trace of benzene
evolution was observed for either metal.

In view of the analysis of the gaseous product evolved in the
temperature interval from 570 to 800°C, one may conclude that
Fe and Co drive slightly different decomposition paths. The influ-
ence of the metal center in determining the decomposition of the Pc
framework was definitely confirmed by the analysis of the products
desorbed upon TPD and collected on the reactor walls. This study
has provided evidence of the importance of the carbon support
on the thermal decomposition mechanism. Indeed, the decompo-
sition product of CoPc/C was selectively 1,2-benzodinitrile, while
the pyrolysis of FePc/C gave 1,2-benzodinitrile and phthalimide
approximately in a 1:1 ratio (Table 2). As a convincing evidence of
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Table 2
Condensed products upon pyrolysis of the Fe and Co phtalocyanines supported on
various materials in the temperature range from 600 to 800°C.2

Table 3
EXAFS best fit results at the Fe K-edge and estimated metal particle average
diameter.

Sample Phthalocyanine 1,2-Benzodinitrile Phthalimide Sample Shell N R(A) opw (A)
CoPc/C - + - Fe-N 4.0 1.93 0.046
FePc/C - ++ ++ FePc Fe-C 8.0 2.99 0.077
FePc-CoPc/C - + ++ Fe-N 4.0 3.40 0.089
CoPc/quartz ++ - -
FePc/quartz . ~ _ Fe-N 4.0 1.91 0.068
oo : : S R
FePc/SiO, ++ + + . . y
FePc—CoPc/Si0s o N N Fe-N 4.0 3.41 0.070
2 -, not detected; +, detected in low amount; ++, detected in high amount. Fe-N 4.0 1.92 0.070
FePc—CoPo/C Fe-0 1.0 2.09 0.029
Fe-C 8.0 3.03 0.067
the importance of the carbon support in driving the pyrolysis path, Fe-N 40 343 0.060
the TPD of FePc/quartz and CoPc/quartz gave the intact Pc ligand as Fe-N 4.0 1.92 0.068
sublimate product (Table 2). Intact Pc was also the largely major FePc-CoPc/C(600) EZ:? g'g g'gg 8'823
product released upon pyrolysis of the silica-supported complexes Fe_N 36 344 0.028
FePc/SiO,, CoPc/SiO, and FePc-CoPc/SiO, up to 800°C (Table 2).

On the basis of the TPD profiles and of the decomposition prod- EE:& 5(1) ;'33 g‘ggz
ucts, one may realize that the temperatures of 570 and 800°C are FePc-CoPc/C(800) Fe_C 40 201 0.054
representative of two different stages of the decomposition pro- Fe-N 2.0 3.44 0.072
cess of FePc/C and CoPc/C: a partial decomposition of the metal Fe-N 40 1.93 0.046
complexes would occur in the temperature interval between the FePc-CoPc/SiO> Fe_C 8.0 2.99 0.077
first peak of the m/z=2 mass channel and the second peak in the Fe-N 4.0 3.40 0.089
m/z=27 profile, while a full decomposition of the Pc framework, Fe_N 40 1.93 0.046
with formation of metal particles (vide infra), would occur around FePc/SiO, Fe-C 8.0 2.99 0.077
800 °Cat which all the evolution peaks are “closed”. Consistent with Fe-N 4.0 3.40 0.089

this hypothesis, a much lower nitrogen content was found in the
pyrolyzed products at 800 °C (Table 1). It is also worth noticing that
the decrease in the nitrogen content was much higher for the Fe-
containing materials (Table 1), which is in line with the evolution
of both 1,2-benzodinitrile and phthalimide (Table 2).

A GC-MS analysis of the nonvolatile products obtained upon
thermal decomposition (300-600°C) under nitrogen of FePC and
CoPc supported on Vulcan XC-72 has been previously reported
[13]. In either case, both phthalimide and 1,2-benzodinitrile were
detected. On the other hand, when CoPc is not supported on a
carbon black, as is the case of a CoPc sheet polymer, the pyroly-
sis gave no phthalimide but only 1,2-benzodinitrile together with
other nitrogen products (HCN, (CN),, CgHsCN) [28]. In view of the
results reported in Table 1 as well as previous literature evidence,
one may therefore conclude that the presence of oxygenated groups
on the support surface, as in Ketjen Black or Vulcan-XC72 [24-26]
is mandatory to produce phthalimide upon thermal decomposition
of iron and cobalt phthalocyanines.

3.2.2. Extended X-ray Absorption Fine Structure Spectroscopy
(EXAFS) and Near Edge X-ray Absorption Spectroscopy (XANES)

The materials investigated by EXAFS and XANES are listed in
Tables 3 and 4 that also summarize the best fit results at the Fe
and Co K-edges, respectively. Comparisons of the XANES spec-
tra and of the Fourier transformed EXAFS spectra at both edges
are reported for each sample in Figs. 2-7, respectively. XANES
showed unambiguously that, upon deposition over Ketjen Black,
the coordination geometry around Fe and Co, originally square-
planar, changes to square pyramidal. Indeed, the pre-edge peak at
higher energy disappeared in favour of the component on its left
for iron, while an intensity decrease was observed for cobalt. This
experimental observable may be attributed to a symmetry decrease
from Dy, to C4y, corresponding to a geometry change from square
planar with four nitrogen donor atoms to square pyramidal with
four basal nitrogen atoms and one apical donor (Figs. 2A and 3A),
most likely an oxygen atom (Tables 3 and 4). In this respect, it is
worth recalling that, unlike Fe(II) complexes, both square-planar
and square-pyramidal Co(II) complexes with four nitrogen ligands

Table 4
EXAFS best fit results at the Co K-edge and estimated metal particle average
diameter.

Sample Shell N R(A) oow (A)
CoPc Co-N 40 191 0.045
Co-C 8.0 2.96 0.069
Co-N 40 335 0.051
CoPc/C Co-N 40 1.90 0.048
Co-0 1.0 1.99 0.013
Co-C 8.0 2.95 0.068
Co-N 40 3.42 0.097
FePc-CoPc/C Co-N 40 1.92 0.040
Co-0 1.0 2.04 0.022
Co-C 8.0 2.97 0.075
Co-N 40 3.40 0.096
FePc-CoPc/C(600) Co-N 40 1.92 0.045
Co-0 1.0 2.02 0.019
Co-C 8.0 2.99 0.068
Co-N 40 341 0.081
FePc-CoPc/C(800) Co-N 25 1.94 0.035
Co-M 33 2.48 0.086
Co-C 48 2.95 0.054
Co-N 26 342 0.072
CoPc/SiO; Co-N 40 1.93 0.046
Co-C 8.0 2.95 0.062
Co-N 40 3.39 0.098
FePc-CoPc/SiO; Co-N 40 1.92 0.048
Co-C 8.0 2.96 0.069
Co-N 40 3.41 0.095

have low-spin configuration [29,30]. In actuality, the fit calcula-
tions do not allow one to discriminate unambiguously between N
or O as scattering atoms, which means that both “5N” and “4N+10"
structure may be equally possible. On the other hand, the absence
of a significant amount of nitrogen atoms on the carbon surface
(Table 1), whichiis, in fact, rich of oxygenated species (-COOH, -OH)
upon treatment with H,SO4/HNO3 [24-27], decreases substantially
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Fig. 2. (A) Fe K-edge normalised XANES spectra of: (a) FePc (---), (b) FePc/C (...), (c)
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FePc/SiO; (...), (¢) FePc-CoPc/SiO; (- - -).

the probability that the apical donor atom of the square pyramids
may be nitrogen. For this reason, an oxygen atom has been intro-
duced in Tables 3 and 4 as the fifth atom that completes the metal
coordination sphere (Scheme 1).

It is noteworthy that the X-ray absorption spectra at both Fe
and Co edges of the carbon supported complexes did not change

when FePc or CoPc were deposited independently or simultane-
ously (Figs. 2A and 3A). A change of the initial Dy, symmetry of
FePc upon impregnation on Vulcan XC-72 has been also observed
by Mossbauer and Raman spectroscopies [31].

A perusal of the EXAFS spectra reported in Figs. 4A and 5A con-
firms that the characteristic shell trend of the starting Pc complex
is affected by the deposition on Ketjen Black: an increase of the
nearest neighbour contribution is much more evident at the Fe
edge, together with a distortion of the Fe-C and Fe-N distances
in the next nearest shells, as compared to the Co edge. However,
the XANES and EXAFS spectra suggest that both the Fe and Co atoms
in the starting Pc complexes interact with the support surface so as
to adopt a square-pyramidal, most likely 4N+10, structure.

The role played by the carbon support, through its surface
groups, in modifying the coordination geometry around the metal
center, was unequivocally demonstrated by EXAFS on the analo-
gous MPc complexes supported on SiO5: in this case, in fact, the
Pc neighbours shell trend in the EXAFS spectra (Figs. 4B and 5B)
was totally unaffected by the impregnation over the oxide
support.

Upon pyrolysis of FePc—CoPc/C at 800°C under N;, a drastic
structural change was observed: most of the isolated metal ions
disappeared, formed in their place were small metal particles (ca.
1-2nm). This phenomenon is illustrated in Figs. 6B and 7B: both
metals were partly reduced in a bcc metal phase to give Fe—Co alloy
metal particles with an average size of about 8 A. A fraction of both
iron and cobalt were still present as oxygen surrounded atoms,

Scheme 1. Proposed mechanism for the pyrolysis of Fe and Co phthalocyanines
supported on Ketjen Black.
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most probably small oxidic aggregates. The corresponding XANES
spectra (Figs. 6A and 7A) showed the presence of both M2* jons and
MO species. Consistent with both the TPD and XRPD experiments
(see below), the pyrolysis of FePc-CoPc/C at 600 °C under N; led to a
minor decomposition of the supported complexes as the first shell
contribution (N or O) was still present (Figs. 6B and 7B).

XANES and EXAFS studies at the Co K-edge of pure CoPc and CoPc
supported on Vulcan XC-72, before and after heat treatment, have
been previously reported [14]. In line with our results, the Co-N4
structure was retained up to 700 °C. Above this temperature, only
metallic cobalt particle were detected. A similar behavior has been
reported for pure FePc [15]. Like for the present FePc/C material, the
fine structures, due to the 1s — 4p transitions, typical of the Fe-N4
structure, disappeared above 600°C and metal oxide began to
form.

3.2.3. X-ray Powder Diffraction (XRPD) analysis

The morphology of FePc/C, CoPc/C and FePc-CoPc/C was investi-
gated by XRPD carried out from room temperature to 600°C. The
XRPD-spectra at room temperature showed the typical pattern of
the carbon support with two very broad diffraction peaks centered
at ca. 25 and 43° [32], which is consistent with the presence of
an amorphous phase of the MPc species. Traces a and b of Fig. 8
illustrate this behavior for FePc-CoPc/C.

XRPD spectra acquired after a temperature-controlled heating
of FePc/C, CoPc/C and FePc-CoPc/C to 600 °C in a heating oven under
anitrogen atmosphere showed the absence of any crystalline phase
deriving from the decomposition of the supported metal com-
plexes. In Fig. 8, trace ¢, is shown a representative XRPD pattern
after heating FePc-CoPc/C to 600°C. A similar behavior was dis-
played by the single metal materials FePc/C and Co/Pc.
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Fig.4. (A) Fe K-edge Fourier transforms EXAFS spectra (k3-weighed, not phase cor-
rected) of: (a) FePc (_..), (b) FePc/C (..), (c) FePc—CoPc/C (- - -). (B) Fe K-edge Fourier
transforms EXAFS spectra (k3-weighed, not phase corrected) of: (a) FePc (___), (b)
FePc/SiO; (...), (c) FePc-CoPc/SiO; (- - -).

Upon heating FePc/C(600), CoPc/C(600) and FePc-CoPc/C(600)
to 800°C to give FePc/C(800), CoPc/C(800) and FePc-CoPc/C(800)
metallic particles were generated on the carbon surface as shown
by the appearance of the typical XRPD patterns of magnetite (i.e.
cubic Fd—3m Fe304) [33], Co metal (i.e. cubicFm—3m Co)[33]and a
Fe-Co alloy (i.e. cubic Im—3m Fe-Co) [33-35], respectively (Fig. 9).
An estimation of the particle mean size using the Scherrer equation
has provided a significantly higher value (>10 nm) as compared to
the EXAFS analysis, which may be due to a broad distribution of the
metal particles [36].

Identical results were obtained by carrying out the thermo-
diffraction study in situ under either nitrogen or argon in the
temperature range from room temperature to 800 °C. Finally, it is
worth mentioning that magnetite was the only crystalline iron con-
taining compound also when the thermal treatment of FePc/C at
800° was carried out under a pure argon atmosphere, which con-
firms the important role played by the oxygenated species on the
carbon surface.

To the best of our knowledge, XRPD studies of carbon supported
metal phthalocyanines are limited to CoPc on Vulcan XC-72 [16]. For

A 8-
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Fig. 5. (A) Co K-edge Fourier transforms EXAFS spectra (k3-weighed, not phase cor-
rected) of: (a) CoPc (--.), (b) CoPc/C(...), (c) FePc—-CoPc/C (- - -). (B) Co K-edge Fourier
transforms EXAFS spectra (k3-weighed, not phase corrected) of: (a) CoPc (--.), (b)
CoPc/SiO; (...), (c) FePc-CoPc/SiO; (- - -).

this species, the formation of (bcc) 3-Co particles was detected for
pyrolysis temperatures higher than 700 °C. As a further evidence of
the importance of the support in governing the pyrolysis of Co-N4
chelates, heat treatment of COTETA/C (TETA = triethylentetraamine;
C=porous carbon BP2000) at 800°C has been reported to give an
(fcc) a-Co phase [20].

3.2.4. Structural considerations

Incorporation of the TPD, XANES, EXAFS and XRPD data allows
us to suggest a mechanism of pyrolysis of Ketjen Black-supported
iron and cobalt phthalocyanines in the temperature range from
20 to 800°C as well as assign a structure to the various metal-
containing phases. Scheme 1 summarizes our interpretation of
these data.

There is little doubt that the M-N4 structure is preserved for
both Fe and Co up to 600°C, following the elimination of 1,2-
benzodinitrile and phthalimide, but no discrimination between
mixed- or single-metal units can be made at this stage. Indeed the
formation of a statistical distribution of Fe-N4 and Co—Ny islands is
equally likely. The analytical data unequivocally demonstrate that
the extensive formation of metallic particles requires a temperature
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higher than 700 °C. Unlike CoPc/C, the pyrolysis of FePc/C at 800 °C
leads to the formation of iron oxide, in the form of magnetite, even
under ultra pure argon, which is a further evidence of the extensive
presence of oxygenated groups on the carbon surface. Most inter-
estingly, no trace of iron oxide is detected for FePc-CoPc/C(800) as
only the peaks of a (bcc) Fe-Co alloy are displayed by the XRPD
spectrum, though one cannot disregard the presence of a thin oxide
coverage (see the EXAFS and XANES data) [34]. It is therefore likely
that the surface of the (bcc) Fe-Co alloy is covered by cobalt with
iron confined in the bulk.

The structural hypotheses presented in Scheme 1 are further
corroborated by other studies previously reported; these include
thermogravimetric analysis (TGA), time-of-flight secondary mass
spectrometry (ToF-SIMS), X-ray photoelectron spectroscopy (XPS)
and infrared spectroscopy (IR) [16-19]. In particular, a ToF-SIMS
study of FePc and CoPc supported on Vulcan XC-72 has provided
evidence of the maintenance of surface M-N4 units up to 600°C
and the formation of metal, metal oxide and also metal carbide
species at 800°C [17,18]. Analogous conclusions were reached
for CoPc supported on Vulcan XC-72 by XRD and IR spectroscopy
[19].
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Fig. 7. (A) Co K-edge normalised XANES spectra of: (a) FePc-CoPc/C (---), (b)
CoPc/C(600) (...), (c) FePc-CoPc/C(800) (- - -). (B) Co K-edge Fourier transforms
EXAFS spectra (k3-weighed, not phase corrected) of (a) FePc-CoPc/C (_.), (b)
FePc-CoPc/(600) (...), (c) FePc-CoPc/C(800) (- - -).

3.3. Electrochemical studies

The electrochemical activity of FePc/C(600), CoPc/C(600),
FePc—CoPc/C(600), FePc/C(800), CoPc/C(800) and FePc-CoPc/C(800)
for the oxygen reduction reaction (ORR) was investigated by linear
sweep voltammetry at room temperature (18-22 °C) using a rotat-
ing disc electrode (RDE). For all catalysts, the metal loading varied
from 8 to 11 pgcm—2, corresponding to 2.7-3.3mg of ink. Two
electrodes coated with different Pt catalysts were investigated for
comparative purposes: a commercial Pt/Vulcan material by E-TEK
(20 wt% Pt) with a metal loading of 32 wgcm—2 and a proprietary
Pt/C material (3.2 wt% Pt) with a metal loading of 10 wgcm—2. The
former material has been purposefully selected because of its gen-
eral use as cathode catalyst for the ORR for which it provides high
mass activity and an exchange of less than 4e~ due to the contri-
bution of the carbon support [42].

Before commenting the electrochemical data, it is worth recall-
ing that the oxygen reduction may proceed through parallel two-
and four-electron paths. As a general trend, FePc promotes the
direct 4e~ ORR to water, while CoPc catalyzes the 2e~ path leading
to H,0, [4,5,43,44].

Relevant electrochemical parameters for the ORR catalyzed by
the materials investigated in this work are reported in Table 5,
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Table 5

Relevant electrochemical parameters for the ORR at room temperature on electrodes coated with the catalysts investigated in this work.?
Electrocatalyst Ji,(mMAcm=2)  Vgpser (V vs. RHE) S.d-¢ (AgMet1) Sade (AgMet1) Vrarel® (mV dec!) Koutecky-Levich slope ne=¢

(0.95V vs. RHE) (0.9V vs. RHE) (mAcm~2 RPM~1/2)

FePc/C(600) —6.05 0.97 160 - 32 0.14234 4.0
CoPc/C(600) —4.22 0.94 - 45 48 0.09803 2.8
FePc-CoPc/C(600) —5.40 1.02 210 - 31 0.14185 4.0
FePc/C(800) —468 1.02 102 - 34 0.12210 3.5
CoPc/C(800) -3.89 0.98 - 145 53 0.08197 23
FePc-CoPc/C(800) —-441 1.01 76 346 46 0.11764 33
pt/C —4.76 1.00 - 65 94 0.12756 3.6
Pt/Vulcan —4.61 1.15 63 113 72 0.12189 3.5

Average values for at least three measurements.
Corrected for diffusion-convection effects (1/J=1/J; +1/Jin)-

Values of the mass-specific current columns not reported because out of the 10-80% range of I [43].

a
b
¢ Values of Koutecky-Levich constants taken from [68] (D=1.95 x 105 cm?s~'; U=8.98 x 103 cm?s™1; cox =1.15 x 10-3 M).
d
e

An error of 5% was estimated in the measurements of the mass-specific current.

while the polarization curves are shown in Fig. 10. The experi-
mentally determined limiting currents were within the +10% limit
theoretically established by the Levich equation [45].

From a perusal of the data reported in Table 5, one may readily
realize that (i) irrespective of the metal composition and pyroly-
sis temperature, the ORR activity of the Pc-derived electrocatalysts
is in the range of the best electrocatalysts reported so far; (ii) the
activity of FePc and FePc-CoPc/C, heat treated at either 600 or 800 °C,
is superior to that of the corresponding Co materials; (iii) the elec-
trocatalysts obtained at 600°C are fairly more active than those
obtained at 800 °C. The complex nature of the present electrocata-
lysts did not allow us to determine the electroactive surface area,
thus limiting the comparison with the Pt-based electrocatalysts.
Therefore, we can only notice that the Pc-derived electrocatalysts
exhibit higher ORR mass activity as compared to both Pt/C and
Pt/Vulcan.

A superior performance of Fe and Co electrocatalysts, as
compared to Pt, for the ORR has been previously observed in alka-
line, acidic and neutral media [3-5,10-12,23,37-46]. Most of the
reported data refer to molecular species, and only a few works deal
with heat-treated macrocyclic compounds [13-19,22,47]. Like-
wise, the higher activity of FePc vs. CoPc has several precedents
in the literature, irrespective of the structure of the electrocata-
lyst, i.e. phthalocyanine complexes [4-7,12,38,40,43,48,9,8], metal
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Fig.8. XRD patterns of (a) Ketjen Black (C), (b) FePc—CoPc/C and (c) FePc-CoPc/C(600).

nanoparticles [22] or metal oxides [49-52]. It is worth noticing
that the mixed-metal catalyst FePc-CoPc/C(600) is as active as
FePc/C(600) which, however, contains about three times more iron
(Table 1). This finding, in conjunction with the number of electron
involved in the ORR process (vide infra), suggests the existence of a
cooperative effect between the Fe and Co sites in FePc—CoPc/C(600).
Such a cooperation seems to hold also for the Fe-Co material
pyrolyzed at 800 °C. While for the latter, the Fe-Co cooperation may
be attributed to the formation of a Fe-Co alloy (in the absence of
Co, aFe304 phase is obtained in fact, see the XRPD spectra in Fig. 9),
no sound explanation can be forwarded for the materials obtained
at 600°C where the carbon surface is likely covered by a random
distribution of M-N4 sites (Scheme 1). As pointed out by several
authors, nitrogen functionalities in the carbon support (Vulcan)
may have a role in the ORR activity in alkaline media [53-56].

Therefore, we cannot rule out that the functionalized Ketjen
Black may contribute to the observed ORR activity, though no spe-
cific report has ever been reported.

The Tafel slopes for the ORR catalyzed by the materials inves-
tigated in this work are reported in Table 5. Three different
sets of values have been observed in function of the metal:
31-35mVdec?!,46-53 mV dec~! and 74-94 mV dec! for Fe alone
or combined with Co, Co and Pt, respectively. These data clearly
indicate that the ORR mechanism depends on the metal, as also put
in evidence by the different number of electrons involved in the
ORR (Table 5). Indeed, Koutecky-Levich plots for all catalysts con-
firmed a prevailing 2e~ reduction for Co and a 4e~ reduction for Pt,
Fe and its 1:1 alloy with Co, which is in good agreement with the
literature [4,5,43-45].

The electrochemical stability of each catalyst was estimated
by chronopotentiometry at a constant load of 2.5mAcm~2, cor-
responding to 250Ag~! of metal. As shown in Fig. 11, with the
exception of Pt/C, all catalysts showed a good stability with time.
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Fig. 9. XRD patterns of (a) FePc/C(800) (Fe304, cubic Fd—3m), (b) CoPc/C(800) (Co,
cubic Fm—-3m) and (c) FePc-CoPc/C(800) (Fe-Co alloy, cubic Im—3m).
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Experiments running for 16 h showed a voltage decay inferior to
10mV h~1. The catalyst obtained by heat treatment at 600°C, in
particular FePc/C(600) and FePc-CoPc/C(600), gave the again the
best performance, even better than that of the catalyst containing
20 wt% Pt.

A few ORRs have been performed in acidic media (1M H;SO4)
to explore the stability of the present MPc-based electrocatalysts
in a different environment. A much lower stability than in alka-
line media (just after three voltammetry cycles, the current density
decayed by 70%) was observed for the materials obtained upon
pyrolysis at 800 °C. A slightly better stability in acidic environment,
not comparable to that in alkaline media however, was observed for
the materials pyrolyzed at 600°C for which different deactivation
paths have been reported to occur [4,5,43,46].

Finally, the ORR activity of the heat-treated MPc materials was
tested by adding increasing amounts of ethanol (from 1 to 10 wt%)
into the oxygen saturated solution to mimic the potential effect
of alcohol cross-over in direct alcohol fuel cells (DAFCs) [57-60].
None of the Pc-based electrocatalysts showed an appreciable sen-
sitivity to the alcohol for concentrations as high as 5 wt%. Above this
concentration, the current decreased, yet to a little extent (only 7%
decay for an ethanol concentration of 10 wt%). Since none of the
Fe and Co catalyst is able to oxidize ethanol in either half cells
or monoplanar DAFCs [61-66], the current decay at high ethanol
concentration may be ascribed to competitive adsorption of oxy-
gen and ethanol on the catalytically active sites. In contrast, the

ORR activity of Pt/C and Pt/Vulcan decreased dramatically just upon
adding 1wt% ethanol to the oxygen saturated solution [23,67],
which is consistent with the well known ability of Pt-based cat-
alysts to oxidize alcohols [68].

4. Conclusions

The impregnation of Ketjen Black (C) with iron and cobalt
phthalocyanines (MPc) taken one by one or as a 1:1 stoichio-
metric mixture, followed by heat treatment at 600°C under
inert atmosphere, gave materials (FePc/C(600), CoPc/C(600) and
FePc-CoPc/C(600)) that contain single metal ions coordinated
by four nitrogen atoms (M-N4 units). Increasing the pyroly-
sis temperature to 800°C resulted in the prevailing formation
of carbon-supported, nanosized metal particles (CoPc/C(800) and
FePc-CoPc/C(800)) or metal oxide (FePc/C(800)). A key role of the
carbon support in determining the material structure at either tem-
perature investigated was demonstrated by TPD, EXAFS, XANES and
XRPD studies. These also showed that a Fe-Co alloy is obtained at
800°C when the impregnation of Ketjen Black involves a mixture
of FePc and CoPc.

Electrodes coated with the different Fe, Co and Fe-Co materials,
containing very low metal loadings (from 8 to 11 ugcm~2), were
scrutinized for the oxygen reduction reaction (ORR) in alkaline
media by linear sweep voltammetry. The electrochemical activity
of all materials was further analyzed by Tafel and Koutecky-Levich
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plots as well as chronopotentiometry. In view of the results
obtained and a comparison with Pt-based electrocatalysts with
different metal loadings, we feel to state that the Fe-containing
electrocatalysts exhibit excellent activity for the ORR in alkaline
media with convective limiting currents as high as 600 AgFe~1 at
room temperature and onset potentials as high as 1.02V vs. RHE.
In particular, we have found that (i) the ORR mass activity of the
Pc-derived electrocatalysts is superior to that of the Pt catalysts
investigated; (ii) the activity of FePc and FePc-CoPc/C, heat treated
at either 600 or 800°C, is superior to that of the corresponding
Co materials; (iii) the electrocatalysts obtained at 600 °C are fairly
more active than those obtained at 800°C.

The excellent stability, the selective reduction of oxygen to
water (4e~ path) and the inability to oxidize alcohols makes
the FePc-derived catalysts excellent candidates for manufacturing
cathodes of DAFCs operating in alkaline media with anion-
exchange membranes. Preliminary studies from this laboratory
fully confirm the excellent performance of FePc-CoPc/C(600) in
DAFCs fuelled with ethanol, glycerol and ethylene glycol [69].
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