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A B S T R A C T   

One-step dry ball-milling method was employed to prepare different electrocatalysts based on cobalt(II) or iron 
(II) phthalocyanines (CoPc and FePc, respectively) supported on commercial carbon materials (CNovel or a 
carbon black (Vulcan)), controlling the nominal metal content to 1 or 2 wt %. No pre-treatment (e.g., func
tionalization of the carbon support), solvent addition or post-processing steps (e.g., heat-treatment, acid-treat
ment, etc.) were required before, during or after the mechanochemical process. Different characterization 
techniques have been used to study the morphological, physicochemical and electrochemical properties of the 
synthesized materials. The as-prepared catalysts can be directly used without involving further procedure. Solid- 
state ball-milling strategy provides excellent contact of both components, which synergistically improved their 
electrocatalytic performance. Regarding the carbon materials, the adequate nanoarchitecture and surface 
chemistry of CNovel permits better distribution of metal phthalocyanines (MPc) compared to a carbon black. The 
FePc supported on CNovel shows excellent electrocatalytic activity for oxygen reduction reaction (ORR), in terms 
of good selectivity towards the 4-electron pathway, long-term stability and low overpotential in alkaline me
dium. This study opens new paths for a simple, scalable and cost-effective catalyst manufacturing through 
mechanochemistry that can be modulated by selecting the proper nanocarbon support and MPc/carbon ratio.   

1. Introduction 

Oxygen reduction reaction (ORR) is a well-known cathodic reaction 
that takes place in many electrochemical energy generation devices, 
such as fuel cells or metal-air batteries [1–3], in which platinum 
(Pt)-based materials are normally used as catalysts due to their high 
catalytic activity and chemical stability [4]. However, high Pt loadings 
are required to overcome the kinetic limitations of the ORR, which en
tails high costs, together with other important drawbacks such as the 
shortage, poisoning deactivation or dissolution/aggregation under 
acidic and oxidizing conditions [5]. Therefore, alternative materials are 
highly needed to replace the precious metal in Pt-based electrocatalysts, 
looking for the best characteristics in terms of low-cost, good efficiency, 
high surface area and porous structure to host numerous active sites, 
good electrical conductivity and electrochemical stability [6]. 

Metal-N4 complexes (MN4) (typically, M = Co or Fe) [7–9] have been 

deeply used in many research studies since the 1960s [10], when both 
metal porphyrins (MPy) and phthalocyanines (MPc) were found to 
exhibit good ORR performance, especially in alkaline medium. Their 
high catalytic activity is mainly related to the conjugated 4-fold N-co
ordination surrounding of the central metal atom [11], where the nature 
of the metal and the presence of peripheral or non-peripheral substitu
tion in the phthalocyanine play a crucial role in their activity [12]. 
Moreover, the growing interest of MPc lies in their high performance 
and selectivity, low cost, chemical and thermal stability, straightforward 
large-scale production, high versatility and easy functionalization [13, 
14]. Owing to their successful application in ORR, these molecules have 
also attracted substantial attention in other electrocatalytic reactions, 
such as carbon dioxide reduction reaction (CO2RR) [15,16], oxygen 
evolution reaction (OER) and hydrogen evolution reaction (HER) [17, 
18], which are essential for sustainable energy technologies. However, 
one of their main drawbacks is their both poor stability and electrical 
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conductivity [8,19]. Additionally, aggregation of MPc molecules leads 
to eventual loss of the catalytic activity in practical applications [20], 
which makes necessary to disperse and support them on highly 
conductive surfaces for a better performance. In this sense, strong in
teractions between the catalyst and the support are key, not only to 
increase the electron transfer in the electrocatalytic process, but also to 
enhance the catalytic performance and reduce the catalyst loss [13]. 

Then, the incorporation of conductive carbon supports forming MPc/ 
carbon composites has improved the catalytic properties, as conse
quence of the increase in the dispersion of active sites, together with an 
improved charge transport [13]. Interestingly, Yang et al. [21] demon
strated the relevance of selecting the carbon support for improving the 
ORR performance and the long-term durability of the MPc/carbon 
composites. Carbon materials, such as carbon blacks, graphene or car
bon nanotubes (CNTs), have been widely studied for electrochemical 
applications like hydrogen storage, sensors or as electrocatalyst sup
ports, due to their accessibility, relatively low cost, environmental 
compatibility, different nanostructures, and excellent electrical con
ductivity and mechanical properties [22–24]. Moreover, there is a 
growing interest in other micro and mesoporous nanostructured carbon 
materials that facilitate the diffusion of reactants and products, along 
with an increase in the interaction with the catalyst [25,26]. Here, 
CNovel is a new carbon nanomaterial based on hollow nanospheres with 
interconnected mesopores that can be used not only as adsorbent or in 
analytical instrumentations, but also in other applications as energy 
storage and renewable/conversion technologies [27]. Interestingly, 
both the pore size and particle size distribution can be precisely 
controlled by selecting the size of the template in the synthesis process 
[28]. However, few works can be found [29–32] in which CNovel is used 
as catalyst support. Here, Pt nanoparticles and Pt@Pd core-sell catalysts 
were mainly employed as the active phase. Therefore, CNovel arises as a 
promising mesoporous carbon that needs to be further exploited as 
molecular catalyst support. 

To date, multiple approaches have been studied for the preparation 
of carbon-based electrocatalysts [33], both free and metal-containing 
catalysts, including different physical [34–37], thermo-chemical 
[38–40] and electrochemical processes [41–43], among many others. 
For example, sonication of chemically modified FePc with oxidized 
CNTs was used for the synthesis of well-dispersed molecular catalysts 
with high ORR activity and stability in alkaline medium [44]. Other 
synthetic strategy reported by Yoshii et al. was the controlled incorpo
ration of MN4 sites embedded into ordered porous carbon frameworks 
by structure-preserving carbonization via solid-state polymerization 
[45]. Within all these methods, some strategies such as heteroatom 
doping, surface functionalization, edges and defects engineering, etc. 
can be used to increase the catalytic performance of carbon materials 
[33]. Nonetheless, most of these synthesis procedures show some 
problems in terms of the low yield and the use of pollutant and harmful 
reagents [46]. Then, the ball-milling method has been positioned as a 
powerful green mechanochemical synthesis alternative [47] in which 
the kinetic energy produces nanostructured materials by activating 
chemical reactions, modifying the reactivity of as-milled materials and 
inducing phase changes [46,48], avoiding the generation of residues and 
the use of large amounts of solvents. Moreover, the ball-milling process 
has been reported not only for solid-solid reactions, but also for 
solid-liquid and solid-gas reactions [46], by selecting the operating 
conditions (temperature, milling time, rotation rate, reagents, etc.). 
Furthermore, ball-milling conditions can be controlled to produce 
edge-functionalized or edge-doped carbon-based nanocatalysts main
taining the carbon structure [49], which are well-known to be highly 
active and stable towards the ORR. In addition, ball-milling has also 
been used to improve the interaction in different metal/carbon com
posites and to enhance the electrocatalytic activity [46,50–52]. For 
example, Karuppiah et al. [53] prepared a bifunctional catalyst for ORR 
and OER, where cobalt oxide nanospheres were dry ball-milled together 
with carbon black and LaMnO3 perovskite. 

Nonetheless, most of reported works combined ball-milling with 
other procedures; in particular, Wang et al. [48] obtained Co-containing 
composites by ball-milling and subsequent heat-annealing as promising 
electrocatalysts towards the ORR in alkaline medium. Moreover, Costa 
de Oliveira et al. [54] combined dry impregnation, ball-milling process 
and pyrolysis treatments in the presence of iron phthalocyanines (FePc), 
urea and carbon black to obtain Fe–N–C catalysts with enhanced ORR 
activity and stability in neutral medium. Wang et al. [55] also reported a 
combined preparation method of ball-milling with an additional pyrol
ysis treatment, leading to Co nanoparticles on C–N nanosheets with good 
catalytic performance in a wide pH range. Other works have also 
focused on the preparation of Co–N–C catalysts by following similar 
strategies [56]. Interestingly, ball-milling has been reported to promote 
stronger intermolecular π-π interactions and good MPc distribution in 
metal phthalocyanines on carbon materials [52,54]. In addition, low 
temperatures prevent the structural damage of MN4 complexes. In all 
cases, the role of ball-milling is to highlight the contact of all the ma
terials by mechanochemical mixing and to enhance the electrocatalytic 
activity due to synergy processes. Indeed, previous works from our 
research group [35,57] demonstrated the poor stability obtained by a 
simple wet impregnation of MPc on carbon nanotubes (CNTs), where a 
previous electrochemical functionalization of CNTs or post 
heat-treatment were required to enhance their interaction and their 
electrocatalytic performance towards ORR. Interestingly, Dodelet et al. 
published several works few years ago [58–61] in which ball-milling 
combined with pyrolysis treatments in presence of different 
Fe-precursors and NH3 leads to enhanced Fe/N/C-catalysts for PEMFC. 
Nonetheless, few works [52,62] have been found in the literature in 
which the ball-milling process is used with metal phthalocyanines and 
carbon materials without any additional treatment, but the addition of 
solvent is normally required. This implies subsequent drying and 
grinding steps. From the best of our knowledge, the direct mechano
chemical preparation of efficient molecular catalysts (MPc) on carbon 
materials via one-step dry ball-milling has not been reported before. 

Then, in this work a straightforward and direct solvent-free ball- 
milling method in ambient conditions has been used to prepare cobalt 
(II) and iron(II) phthalocyanines (CoPc and FePc, respectively) sup
ported on commercial carbon materials (carbon black Vulcan XC-72R 
and CNovel) as electrocatalysts for ORR in alkaline medium. The 
MPc/carbon composite materials have been characterized using 
different techniques (XPS, XRD, cyclic voltammetry, etc.) and their 
electrochemical activity towards ORR has been studied. This single-step 
mechanochemical synthesis strategy has great prospects in heteroge
neous catalysis because of its ease and cost-effective scale-up for prac
tical industrial production. 

2. Experimental 

2.1. Materials and reagents 

The carbon materials used as supports were the commercial Vulcan® 
XC-72R carbon black (Vulcan) from Cabot Corporation and CNovel™ 
(MJ(4)150) supplied by Toyo Tanso, and they are used without further 
purification. Iron(II) phthalocyanine (FePc, 90%) and cobalt(II) phtha
locyanine (CoPc, 97%), as well as platinum supported on a graphitized 
carbon material (20 wt % Pt) were used as received from Sigma-Aldrich. 
Nafion® was supplied by Sigma-Aldrich. Isopropanol (iPrOH) (C3H8O, 
99.5%) and potassium hydroxide (KOH, 85%) were purchased from 
VWR Chemicals. Hydrochloric acid (HCl, 37%) and nitric acid (HNO3, 
65%) are purchased from PanReac AppliChem (ITW Reagents). All 
aqueous solutions were prepared with ultrapure water (18.2 MΩ cm, 
Millipore® Milli-Q® water). Nitrogen gas (N2, 99.999%), oxygen gas 
(O2, 99.995%) and hydrogen gas (H2, 99.999%) were supplied by Car
buros Metálicos. 
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2.2. Synthesis procedure 

The iron and cobalt-based samples were mechanochemically pre
pared using the ball-milling method at room temperature and ambient 
atmosphere (see Scheme S1). Briefly, an appropriate amount of the 
carbon support (Vulcan or CNovel) and the M-phthalocyanine (CoPc or 
FePc) (total amount of 1 g) were ball-milled with 10 agate balls (10-mm 
diameter) in a Planetary Ball Miller PM 200 for several cycles of 30 min 
milling and 15 min pause with a rotation speed of 500 rpm, where the 
direction of rotation is reversed every cycle to ensure proper mixing of 
the precursors and to avoid high temperatures that could damage the 
well-defined molecular structure of MPc on carbon supports. This pro
gram is done during 4 h and 30 min. The volume of the agate ball-mill jar 
is 50 mL. The sample to ball mass ratio is 1:13.8 and the ball to jar 
volume ratio is about 1:9. Eight different samples were obtained with a 
nominal metal loading of 1 and 2 wt % and labelled as CNovel_M_wt% 
and Vulcan_M_wt% (M = Co or Fe). Table S1 includes the yield and 
nominal composition of catalysts. The mass required of CoPc and FePc 
have been calculated for each sample according to their molecular 
weight (571.5 g mol− 1 and 568.4 g mol− 1 for CoPc and FePc, respec
tively), the atomic weight of the corresponding metal (58.93 g mol− 1 

and 55.85 g mol− 1 for Co and Fe, respectively) and their purity (97% and 
90% for CoPc and FePc, respectively). The table also includes the yield 
of the ball milling process for the carbon materials without metal 
phthalocyanines for comparison purposes (Vulcan_m and CNovel_m, 
respectively). These yield values correspond to the amount of sample 
recovered after the milling. 

2.3. Morphological and physico-chemical characterization 

The morphology and microstructure of the samples were investi
gated by transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM). TEM images were taken with a JEOL JEM-2010 
model, INCA Energy TEM 100 model microscope with an electron 
beam of 200 keV, equipped with a GATAN brand model ORIUS SC600 
acquisition camera. It is mounted in axis with the microscope at the 
bottom and is integrated into the GATAN Digital Micrograph 1.80.70 
acquisition and processing program for GMS 1.8.0. This TEM micro
scope has a point-to-point resolution of 0.19 nm. The SEM microscope 
(Hitachi S–3000 N) is equipped with a brand Bruker model XFlash 3001 
X-ray detector for microanalysis (EDX) and mapping. This equipment 
has a resolution of 3.5 nm in vacuum. Regarding sample preparation, 
homogeneous suspensions in isopropanol were dropped onto a copper 
grid and then completely dried before measurements. 

The textural properties of materials were determined by adsorption- 
desorption of N2 at − 196 ◦C in an automatic volumetric adsorption 
equipment (Autosorb-6, Quantachrome, USA). For this purpose, 100 mg 
of dry sample was previously out-gassed at 250 ◦C under vacuum for 4 h. 
The apparent specific surface area was calculated from N2 adsorption 
data by applying the Brunauer-Emmett-Teller (BET) equation [63] in the 
relative pressure range from 0.05 to 0.3. The total micropore volume 
(VDR) was calculated using the Dubinin-Radushkevich (DR) equation to 
the N2 adsorption in the low relative pressures region (P/P0 < 0.1). 

Structural information was also obtained by X-ray diffraction (XRD) 
using a Panalytical Empyrean equipment that has a goniometer with an 
X-ray tube with a Cu Kα cathode as the radiation source and a PIXcel 3D 
detector. The measurements were performed at a voltage of 40 kV and 
current of 40 mA. The step angle was 0.05◦ in the 2θ range from 10◦ to 
80◦ and at room temperature. 

The surface composition of the samples was measured by X-ray 
photoelectron spectroscopy (XPS) with a VG-Microtech Multilab 3000 
spectrometer equipped with a semispherical electron analyzer with 9 
channeltrons (passing energy of 2–200 eV) and an X-ray source with Al 
radiation (Kα 1253.6 eV). The binding energy scale was referenced to 
the main C1s signal, which was fixed at 284.6 eV. The samples were 
previously dried in vacuum. 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP- 
OES) was employed for quantitatively determine the metal content of 
the prepared samples. The ICP-OES equipment used in this study was the 
PerkinElmer brand Optima 4300 DV (with dual vision). The preparation 
of the samples consists in diluting 25 mg of the metal containing samples 
in 2 mL of an acid solution (HCl:HNO3 = 3:1, molar ratio) and stirring 
for 48 h. Afterwards, the sample was filtered with 0.45 μm filters and 
diluted to 25 mL with ultrapure water. 

Temperature programmed desorption (TPD) experiments provide 
information about the nature and amount of surface functional groups of 
carbon material. TPD measurements were performed in a DSC-TGA 
system (SDT Q600 Simultaneous, TA Instruments, USA) coupled to a 
mass spectrometer (HiCube 80 Eco, Pfeiffer Vacuum, Germany). The 
sample (8–10 mg) was heat treated up to 950 ◦C (heating rate 20 ◦C 
min− 1), after a previous drying step at 120 ◦C for 30 min, under a helium 
flow rate of 100 mL min− 1. The mass loss is represented as a percentage 
with respect to the initial value, in each case, which corresponds to 
100%. Amounts of CO and CO2 desorbed from the sample, among other 
relevant signals, were monitored and quantified by a previous calibra
tion using calcium oxalate. The desorbed gases are related to the 
decomposition of surface functional groups of the samples and to the 
reactions between the metal phthalocyanines and the carbon material. 

2.4. Electrochemical characterization 

Electrochemical characterization of the samples was performed in a 
three-electrode cell at 25 ◦C and using an Autolab PGSTAT302 with a 
dual mode bipotentiostat module (Metrohm, Netherlands). A rotating 
ring-disk electrode (RRDE, Pine Research Instruments, USA), equipped 
with a glassy carbon disk (5.61 mm diameter, 0.25 cm2) and a Pt ring 
(0.19 cm2) as working electrode (WE), was used. The WE was carefully 
polished with alumina slurries and rinsed with ultrapure water. A 
graphite bar (supplied by Mersen Ibérica) and a home-made reversible 
hydrogen electrode (RHE) immersed in the same electrolyte in a Luggin 
capillary were used as a counter and reference electrodes, respectively. 

The WE was prepared by dropping a 1 mg mL− 1 dispersion of the 
catalysts ink containing Fe and Co-based samples in an aqueous solution 
(20 vol % isopropanol, 76 vol % water and 4 vol % Nafion®). The 
dispersion was previously homogenized via ultrasonication for at least 
30 min. Here, it is important to know the appropriate volume ratio that 
guarantees the perfect adhesion of the material. The amount of catalyst 
loading on the disk electrode was optimized in 0.48 mg cm− 2. 

Cyclic voltammetry of the different electrocatalysts was performed 
in 0.1 M KOH N2-saturated solution. The ORR was studied by linear 
sweep voltammetry (LSV), from 1.0 V to 0 V at scan rate of 5 mV s− 1 in 
0.1 M KOH O2-saturated solution at six different rotation rates between 
400 and 2025 rpm. In addition, a commercial 20 wt % Pt/C (Sigma 
-Aldrich) was also analyzed for comparison purposes. The potential of 
the Pt ring electrode was kept constant at 1.5 V during all measurements 
to ensure that all the hydroperoxide anion (HO2

− ) reaching the Pt ring 
was oxidized. Then, the number of electrons transferred (n) was deter
mined as follows: 

n=
4 Idisk

Idisk + Iring
/

N  

where Idisk and Iring are the current measured at the disk and ring elec
trode, respectively, and N is the collection efficiency of the ring elec
trode that has been experimentally determined to be 0.37. 

Finally, a stability test was performed for CNovel_Fe_2 by chro
noamperometric measurements in which the working electrode was 
kept at 0.65 V in 0.1 M KOH O2-saturated electrolyte and a rotation rate 
of 1600 rpm for 3 h. After 3 h, a solution of 1 M CH3OH was added to the 
working electrolyte and the data was recorded for an additional 1 h. 
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3. Results and discussion 

3.1. Morphological and physico-chemical characterization 

The two commercial carbon supports (Vulcan and CNovel) were ball- 
milled in the presence of M-phthalocyanines (MPc) under the conditions 
detailed above. The microstructure and the morphology of the materials 
were studied by TEM and SEM. Fig. 1 shows TEM images for all the 
prepared samples. Fig. 1A–D presents the micrographs of the pristine 
carbon materials before (CNovel and Vulcan) and after grinding (CNo
vel_m and Vulcan_m). They reveal significant structural differences be
tween the two carbon materials after the ball-milling. On the one hand, 
unmodified CNovel (Fig. 1A) is made up by hollow shell-like structures 
of about 100–200 nm of diameter, with walls formed by few carbon 
layers and with a high external and internal surface. These observations 
agree with previous results in which CNovel also contains inter- 
connected pores in the three-dimensional network structure [27,28]. 
After milling, CNovel presents some partial breakage and sintering be
tween spherical structures (Fig. 1B), thus creating additional surface 
which usually shows higher chemical reactivity [46]. Nevertheless, most 
of their characteristic structural properties seem to be unaltered. On the 
other hand, Vulcan (Fig. 1C) is a well-known carbon black composed of 
spherical aggregates with a diameter of about 30 nm [64] and the 
milling process does not produce important changes apart from some 
compaction of these aggregates (Fig. 1D). Comparing both carbon 

supports, Vulcan apparently has a smaller accessible surface than 
CNovel. This can significantly affect the correct distribution of the MPc 
on its surface, which tend to aggregate and stack together [20,65]. 
Fig. 1E–H and Fig. 1I-L shows the TEM images of CoPc and FePc con
taining samples after ball-milling, respectively. In both cases, a notable 
incorporation of defects and an increase in compactness compared to the 
pristine ball-milled carbon materials are observed, mainly associated 
with high-energy chemical interactions between the metallic macro
molecules and the carbon supports. When the amount of CoPc is 2 wt % 
(Fig. 1F and H), 1D structures of rectangular shape are clearly appreci
ated that can be associated to stacked CoPc molecules, as can be seen in 
Fig. S1A. Some structural changes in the carbon materials induced by the 
high energy ball-milling cannot be discarded, especially considering that 
Fe and Co are well-known catalysts for the synthesis of nanostructured 
carbon materials [66]. 

Fig. 2 contains the SEM micrographs obtained for CNovel_M_2 and 
Vulcan_M_2 (M = Co or Fe), as well as the distribution of Co and Fe on 
both carbon materials as determined by EDX mapping (Co in green and 
Fe in red). EDX mapping indicates that the MPc are more homoge
neously distributed on CNovel (Fig. 2A and B) than on Vulcan (Fig. 2C 
and D). According to other works in which 3D nanoporous materials 
were compared with Vulcan, the larger accessible surface of the nano
carbon support allows a more uniform adsorption of MPc as single 
molecules [21]. In addition, FePc (Fig. 2B and C) seems to present a 
higher degree of aggregation than CoPc (Fig. 2A and C). 

Fig. 1. TEM images of A) CNovel, B) CNovel_m, C) Vulcan, D) Vulcan_m, E) CNovel_Co_1, F) CNovel_Co_2, G) Vulcan_Co_1, H) Vulcan_Co_2, I) CNovel_Fe_1, J) 
CNovel_Fe_2, K) Vulcan_Fe_1 and L) Vulcan_Fe_2. Inset in H): Magnification of the 1D structures formed during the preparation of Vulcan_Co_2. 
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Fig. 3 presents the XRD patterns for the different materials. It should 
be noted that no relevant changes are appreciated in the diffractograms 
of the carbon materials before and after milling, being the diffractogram 
typical of carbon materials with low crystallinity. After the incorpora
tion of MPc, some small peaks are observed in the XRD, especially for the 
Vulcan support, that are related to the CoPc and FePc species (Fig. S2), 
since these molecules have a high tendency to aggregate by stacking 
through the aromatic rings [65]. The XRD patterns are in good agree
ment with the SEM-EDX observations (Fig. 2) in which a better distri
bution of MPc occurs for CNovel material probably due to its higher 
accessible surface. Therefore, these results suggest that CNovel has a 
more suitable structure and morphology for an adequate distribution 

and interaction with the MPc. 
Porous texture of the materials was analyzed by N2 adsorption- 

desorption isotherms. Fig. S3 contains the N2 adsorption isotherms for 
the materials and the textural properties obtained are compiled in 
Table 1, including the BET surface area (SBET) and the micropore volume 
(VDR). According to the IUPAC classification [67], The N2 isotherm for 
CNovel sample is of type IV and for Vulcan it is of type II, in agreement 
with the morphological observations. The isotherms do not show sig
nificant changes after milling (samples CNovel_m and Vulcan_m), 
although some changes in the hysteresis cycle is observed for CNovel 
after milling probably due to the breakage of some spherical particles. 
However, after incorporation of MPc and milling, important changes are 

Fig. 2. SEM-EDX micrographs and metal mapping analysis of A) CNovel_Co_2, B) CNovel_Fe_2, C) Vulcan_Co_2 and D) Vulcan_Fe_2. (A colour version of this figure 
can be viewed online.) 
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observed in the isotherms. Thus, the isotherms of the milled samples in 
presence of the MPc are nearly parallel to those for the CNovel_m and 
Vulcan_m samples but they have a very important decrease in the 
adsorption capacity at low relative pressures. This agrees with the 
structural changes and material compaction observed by TEM, that oc
curs when the milling is performed in presence of the MPc and that 
seems to be promoted by the stacking properties of the MPc. 

If we take into account the SBET of CNovel and Vulcan supports (258 
and 247 m2 g− 1, respectively), and the area covered by a FePc and CoPc 
molecule (with an average of 2.17 nm2 and 2.16 nm2, respectively, from 
the optimized molecule using the software Avogadro, considering a 
square geometry and van der Waals radii of the peripheral hydrogen 
atoms [68]), we can estimate the theoretical MPc:carbon material 
weight ratio to reach a single monolayer of MPc on the carbon material, 
being of 0.11 for both CNovel and Vulcan. In this work, the experimental 
weight ratio is shown in Table S1, with values about 0.11–0.13 (for 
samples with 1 wt % of metal) and 0.25–0.29 (for samples with 2 wt % of 
metal), the first one being close to the theoretical value. Therefore, it is 
expected that MPc in samples with 2 wt % are more stacked and with a 
worse distribution on the carbon supports, what is in agreement with 
XRD and TEM results. 

The chemical surface composition of the samples was characterized 
by XPS (Fig. 4 and Table 1). After the ball-milling treatment, similar 
surface oxygen contents are found for both samples although it is 
slightly higher for Vulcan_m. In the case of CNovel samples and after 
milling in presence of MPc, some increase in the oxygen content is 
observed that can be explained considering that the milling is done in 
presence of air and that the materials experience important structural 
changes, with an important breakage of the nanospheres (see Fig. 1). On 
the contrary, this increase in oxygen content is not observed for Vulcan 
derived sample in agreement with the structure of pristine Vulcan 
nanoparticles and the minor structural changes after milling in presence 

of MPc [54]. 
Table 1 shows the Co or Fe and N contents which are essentially 

associated with the macrocycles. It can be observed that the mass per
centage (in parentheses in Table 1) is close to the nominal (1 or 2 wt % 
Co or Fe). In addition, the nitrogen/metal (N/M) ratio is close to the 
theoretical one (8:1) in MPc molecules, which suggests that the MPc 
maintain their structure after ball-milling. The metal content deter
mined by ICP-OES is very close to the obtained by XPS (between 0.9 and 
1.1 wt % and 1.9–2.1 wt %, respectively) and to the nominal one, which 
indicates the homogeneous distribution of the MPc on the carbon 
materials. 

N1s, Co2p and Fe2p XPS spectra were analyzed and compared in 
Fig. 4 to characterize the binding states of these elements in the elec
trocatalysts. Co2p spectra in Fig. 4A contain a main peak at around 
780.6 eV due to Co2p3/2 photoelectrons and the corresponding Co2p1/2 
peak at 796.2 eV, which are characteristic of paramagnetic Co(II) spe
cies. In addition, the Co2p3/2 contribution is accompanied by a shoulder 
at around 1.9 eV (782.5 eV) related to the presence of low spin (S = 1/2) 
Co(II) species [69,70]. Moreover, a low-intensity shake-up satellite peak 
located at 789.9 eV (i.e., 9.3 eV at higher binding energies of the main 
Co2p3/2 peak) indicates the presence of low spin (S = 0) diamagnetic Co 
(III) species but with a minor contribution [69–71]. The last contribu
tion could be a consequence of the stacked structure of CoPc molecules, 
since this is not noticeable in the supported samples. It is also remark
able that the different features observed for the CoPc, appear in the 
CoPc-carbon material samples at the same binding energies, and only a 
slight increase in the asymmetry of the main Co2p3/2 peak is appreciable 
at higher metal loadings. This means that Co–N4 bonds are essentially 
unaltered in the Co-based electrocatalysts. 

The high resolution XPS spectra of Fe2p (Fig. 4C) for Fe-containing 
samples show two asymmetric peaks at around 709.3 eV and 722.4 eV 
belonging to the Fe2p3/2 and Fe2p1/2 photoelectrons of Fe(II), 

Fig. 3. XRD diffraction patters of A) CNovel and B) Vulcan related samples. (A colour version of this figure can be viewed online.)  

Table 1 
Porous texture, results of XPS analysis and total metal composition of the different Co- and Fe-related electrocatalysts, as well as the unmodified carbon materials.  

Sample SBET/m2 g− 1 VDR/cm3 g− 1 CXPS/at. % NXPS/at. % OXPS/at. % MXPS/at. % (wt. %) N/MXPS
a MICP/wt. % 

CNovel 258 0.11 95.5 – 4.5 – – – 
CNovel_m 235 0.10 95.6 – 4.4 – – – 
CNovel_Co_1 120 0.07 89.1 2.4 8.2 0.4 (1.6) 7 1.1 
CNovel_Co_2 75 0.04 87.4 4.2 7.9 0.5 (2.3) 8 1.9 
CNovel_Fe_1 125 0.05 90.9 1.1 7.6 0.2 (1.0) 6 0.9 
CNovel_Fe_2 89 0.04 88.5 3.8 7.3 0.5 (2.0) 8 2.1 

Vulcan 247 0.11 97.0 – 3.0 – – – 
Vulcan_m 212 0.09 95.6 – 4.4 – – – 
Vulcan_Co_1 108 0.06 92.9 1.4 5.6 0.2 (0.8) 9 1.0 
Vulcan_Co_2 69 0.03 92.4 3.4 3.7 0.5 (2.2) 7 1.9 
Vulcan_Fe_1 99 0.05 92.8 0.9 2.1 0.2 (0.7) 6 1.0 
Vulcan_Fe_2 63 0.03 91.4 2.4 5.9 0.3 (1.4) 7 2.0  

a The N atomic content of Vulcan_m obtained by XPS has been subtracted for the calculation of Vulcan-related samples. 
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respectively. The shoulders at higher binding energies can be related to 
Fe(III) [36]. Interestingly, FePc-containing samples show wider contri
butions at higher binding energies (~710 eV) than those of pure FePc. 
This effect could be due to higher interactions of FePc molecules with 
carbon materials, which affects the chemical surroundings of the Fe–N4 
coordination in FePc and leads to a decrease in the electron density of 
the Fe atom [36,57,72]. 

The N1s spectra in Fig. 4B and D shows a major peak at 398.8 eV, 
which comprises two different N contributions in both MPc molecules 
with close binding energies [35]. Minor peaks at higher binding energies 
could be related to impurities in the CoPc and FePc. XPS full survey 
spectra of FePc and CoPc are shown in Fig. S4, in which no metallic 
traces residues were detected. Instead, the presence of oxygen (5.1 and 
4.9 wt% in FePc and CoPc, respectively) as well as the higher N/Fe or 
N/Co atomic ratio with respect to the theoretical value of 8 (9.2 and 8.8 
in FePc and CoPc, respectively) could be related to impurities from the 
precursors, such as phthalonitrile, phthalic anhydride, phthalic acid and 
phthalimide species [73]. A slight shift of N1s peak (~0.5 eV, Fig. 4) can 
also be observed, especially for FePc-containing materials, probably due 
to the interaction with the carbon support that generates some electron 
transfer to the N species in the Fe–N4 structures. 

Fig. 5 shows the TG profiles for the supported metal phthalocyanines 
and the pristine carbon materials (Fig. 5A and B) and the corresponding 
CO desorption profiles (Fig. 5C and D). Regarding TG experiments, both 
carbon supports do not show substantial changes before and after ball- 
milling. TPD experiments for the carbon materials show higher CO 
and CO2 evolution for pristine CNovel and after milling, indicating a 

higher amount of surface oxygen groups in this material compared to 
Vulcan. The monitored CO2 signals are also shown in Fig. S5, which are 
primarily related to the decomposition of acidic groups. However, the 
desorbed amount is small and without significant differences in all cases. 
Table S2 shows the total amounts of CO and CO2 released during the 
experiments for each sample. The total oxygen content is estimated from 
the amount of CO + 2 CO2 (μmol g− 1). Despite similar surface oxygen 
content in CNovel and Vulcan (slightly higher in CNovel), as obtained 
from XPS results in Table 1, the total oxygen amount (including the bulk 
oxygen content), as determined from TPD, is quite different, more than 
two times higher in CNovel than in Vulcan (Table S2). 

The presence of the MPc produces important differences in the TG 
profiles due to the decomposition of the MPc and further reactions with 
the carbon material. Taking into account that MPc decomposition starts 
at around 550 ◦C [35], the results show that the decomposition of the 
MPc shifts to higher temperatures in all the cases except for sample 
Vulcan_Co_2, in which a significant stacking was observed by XRD. This 
is in agreement with previous results in which a strong interaction be
tween the MPc and the carbon material was observed [35]. This 
decomposition that occurs at higher temperatures is accompanied by 
reduction reactions with the carbon materials as deduced from the CO 
evolution detected in the TPD profile (Fig. 5C and D). In the case of FePc 
containing materials an additional weight loss is observed in all the 
cases from 200 to 500 ◦C that can be associated to some decomposition 
reactions involving the breakdown of the macrocycles that may occur in 
this compound [74,75]. 

It is worth noting that the presence of FePc molecules produces an 

Fig. 4. XPS spectra for A) Co2p and B) N1s of Co-containing samples and C) Fe2p and D) N1s of Fe-containing samples. (A colour version of this figure can be 
viewed online.) 
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additional CO peak at 700 ◦C in comparison with CoPc-related mate
rials, indicating slightly different decomposition pathways for FePc and 
CoPc [37]. Moreover, the last peak is more well-defined when they are 
combined with Vulcan than with CNovel support, where more homo
geneous or heterogeneous species intervene, respectively. This obser
vation is in agreement with the better distribution observed by TEM 
(Fig. 1) for the MPc on the CNovel support. In addition, differences in 
oxygen content after MPc incorporation, both on the surface and at the 
bulk, are observed in Table 1 and Table S2 compared to non-modified 
carbon materials, could be related to structural changes during milling 
treatment, as previously suggested, which are more evident for CNovel 
than for Vulcan related samples. Therefore, these results clearly confirm 
the influence of the metal center in MPc and the carbon support on the 
thermal decomposition mechanisms. 

3.2. Electrochemical characterization 

Fig. 6A and B contain the steady state cyclic voltammograms (CVs) of 
all prepared catalysts in N2-saturated atmosphere and 0.1 M KOH so
lution. Within the potential window studied, CVs of CNovel_m and 
Vulcan_m show the typical shape characteristic of carbon materials due 
to the electrical double-layer charging processes. 

When MPc molecules are incorporated, CVs present redox processes 
characteristic of the MPc. Then, CoPc-containing samples show a redox 
process at around 0.37 V attributed to the Co(I)/Co(II) reaction and the 
Co(II)/Co(III) redox peak does not appear in this potential range [76, 
77]. FePc-containing samples present two redox transitions at approxi
mately 0.35 V and 0.80 V, corresponding to the Fe(I)/Fe(II) and Fe 
(II)/Fe(III) redox couples, respectively [78]. These redox processes are 
more intense for samples with a higher loading of FePc. 

Table S3 shows the peak potentials for Co(I)/Co(II) and Fe(II)/Fe(III) 
redox couple observed in the voltammograms for the different 

electrocatalysts. In general, the use of CNovel slightly shifts the peak 
potential to higher values, which could be beneficial for the ORR. Ac
cording to other authors [36], it is possible that the higher oxygen 
content in CNovel than in Vulcan modified samples (as observed in the 
TPD experiments) could lead to interactions with MPc molecules pro
moting axial coordination with the metal central atom that imply an 
electron-pulling effect and a favorable electronic distribution. 

Fig. 6C and D displays the CVs in O2-saturated 0.1 M KOH electrolyte 
for the catalysts with the best catalytic response. The other CVs are 
found in Fig. S6. The electrochemical reduction of oxygen is detected as 
an increase in current (in absolute value) in the cathodic scan, which 
appears at higher potential values (lower overpotential) for all FePc- 
containing samples, as expected, especially when CNovel is used as 
support. 

3.2.1. Study of the electrocatalytic activity towards ORR 
The electrocatalytic activity of the prepared electrocatalysts towards 

ORR was studied using a rotating ring-disk electrode (RRDE) in O2- 
saturated 0.1 M KOH electrolyte. Fig. 7 shows both linear sweep vol
tammetry (LSV) curves and the number of electrons transferred (n) 
during the ORR obtained for all electrocatalysts, as well as for the 
commercial Pt/C (20 wt % Pt), at 1600 rpm and 5 mV s− 1 from 1.0 V to 
0.0 V. In addition, Table 2 summarizes the most relevant kinetic pa
rameters derived from RRDE experiments during the electrochemical 
reduction of O2. It should be mentioned that, in this work, the onset 
potential is defined at a current density of − 0.1 mA cm− 2 in the LSV 
curves, the n values are measured at 0.7 V and the limiting current 
density (jlim) is set at 0.4 V. 

As seen in Fig. 7A and B, a notable improvement in the electro
catalytic performance occurs for all the MPc-containing samples in 
terms of the onset potential with respect to the unmodified carbon 
materials (CNovel_m and Vulcan_m). However, only CNovel_Fe_2 shows 

Fig. 5. Weight loss during the thermogravimetric analysis of CoPc and FePc supported on A) CNovel and B) Vulcan, as well as for the pristine carbon samples. CO 
desorption profiles for C) CNovel and D) Vulcan-related samples performed in He atmosphere at heating rate of 20 ◦C min− 1. (A colour version of this figure can be 
viewed online.) 
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a completely flat limiting current in the LSV curve and its performance is 
the closest to the commercial Pt-containing catalyst. These results 
confirm that MPc play an important role in the electrocatalysis of the 
ORR. Nonetheless, as it is well-known from the literature [12], the ORR 
performance and redox mechanism are highly influenced by the nature 
of the metal in the MPc molecules and by the synergistic effect between 
these macrocycles and the carbon support. In this sense, FePc-containing 
catalysts show a better ORR response than those modified with CoPc, 
which could be explained through different activity descriptors such as 
the M(III)/M(II) redox potential, the number of d electrons of the tran
sition metal (d6 for Fe(II) and d7 for Co(II)) and the donor-acceptor 
intermolecular interaction of N4-M-O2 or their intermediates, among 
others [12]. Previous studies have shown that the activity of FePc sup
ported on carbon nanotubes, graphene or carbon black is related to the 
adsorption of the dioxygen molecule in the vicinity of Fe, which weakens 
the O–O bond as an essential requirement for the ORR to follow the 
desired 4-electron route [79]. Fig. 7C and D confirm the mentioned 
4-electron pathway for all FePc-containing samples, following the same 
trend as Pt/C catalyst. Therefore, low amounts of HO2

− are produced and 
monitored by the Pt ring electrode (Fig. S7), which can be beneficial to 
avoid the oxidation of MPc that would result in a poor electrochemical 
durability, together with the demetallation [80]. 

Different electrochemical behavior is observed in the selectivity of 
CoPc supported on both carbon materials, where n between 2.5 and 3 
suggests a combination of a 4 and 2-electron mechanism or 2 + 2 
electron pathway, different from the typical 2-electron mechanism re
ported in the literature for Co-containing samples [79], but similar to 
what has recently been described for CoN5 species [76] due to stronger 
O2 bonding energy. Therefore, just by changing the metal ion in the 
phthalocyanines and the carbon support, different products could be 

obtained and Co-related catalysts could be used for the H2O2/HO2
−

production [81]. 
Comparing both carbon supports, it seems that CNovel, with the 

presence of hollow-nanospheres that may act as efficient nanoreactors, 
shows a more adequate structure than Vulcan for the correct distribution 
and interaction with MPc molecules that promotes a more favorable 
environment for an enhanced ORR under the studied conditions. Pre
vious studies [29] demonstrated the better electrocatalytic performance 
of this porous material (CNovel) compared to Vulcan for loading Pt 
nanoparticles, which was also attributed to the lower ionomer coverage 
of metal sites. Additionally, Fig. S8 shows the LSV curves of CNovel_Fe_2 
and CNovel_Co_2 prepared in different batches, which suggest an 
acceptable reproducibility of the catalysts prepared by the one-step 
ball-milling method in ambient conditions. 

3.2.2. Stability analysis of FePc-containing catalysts towards ORR 
Long-term durability is one of the major challenges when using MPc 

molecules as electrocatalysts in fuel cell technology [80]. The stability of 
the CNovel_Fe_2 catalyst was evaluated under potentiostatic conditions, 
since it was the catalyst with the best performance towards ORR. Fig. 8 
shows the normalized current versus time recorded at 0.65 V in 0.1 M 
KOH O2-saturated atmosphere and at 1600 rpm for CNovel_Fe_2 and 
Pt/C for comparative purposes. After 3 h, an additional hour was 
recorded in the presence of 1 M CH3OH solution to study the possible use 
in direct methanol fuel cells. Interestingly, CNovel_Fe_2 shows the same 
trend as Pt/C during the first 3 h, where the current remains almost 
constant at 97% of the initial value. When methanol was added, only a 
small loss of 5% appears in CNovel_Fe_2, while Pt/C is affected by a huge 
decrease in ORR activity due to poisoning effect. Therefore, these results 
indicate the excellent stability of the prepared electrocatalyst in alkaline 

Fig. 6. Cyclic voltammograms in N2-saturated for A) CNovel-related catalysts and B) Vulcan-related catalysts. Cyclic voltammograms in O2-saturated for C) CNo
vel_Co_2 and CNovel_Fe_2 catalysts and D) Vulcan_Co_1 and Vulcan_Fe_2 catalysts. 0.1 M KOH electrolyte at 50 mV s− 1. (A colour version of this figure can be 
viewed online.) 
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medium. Acidic conditions were also explored for CNovel_Fe_2, which 
was also active for ORR at low pH, but stability should be improved (see 
Fig. S9). Further studies will be focused on optimizing ball-milling 
conditions to extend one-step mechanochemical synthesis of efficient 
catalysts for ORR over a wide range of pH. 

4. Conclusions 

Different electrocatalysts for the ORR based on cobalt(II) and iron(II) 
phthalocyanines supported on commercial carbon materials (CNovel 
and Vulcan) have been prepared by a solid-state ball-milling method in 

ambient and dry conditions, which allows to grind large quantities of 
materials in a relatively short time with high yields and without causing 
significant damage to the structure of the carbon materials. Two carbon 
materials with different structures have been used, CNovel and Vulcan. 
CNovel is constituted by spherical hollow nanospheres that provide both 
high external and internal surface where MPc can be incorporated and 
homogeneously distributed. Vulcan carbon black is made up of spherical 
nanoparticles with some degree of aggregation with a smaller surface 

Fig. 7. LSV curves and number of electrons transferred (n) per oxygen molecule for ORR, for A, C) CNovel-related electrocatalysts and B, D) Vulcan-related elec
trocatalysts and Pt/C, in O2-saturated 0.1 M KOH solution at 1600 rpm and 5 mV s− 1. (A colour version of this figure can be viewed online.) 

Table 2 
Electrochemical data of CNovel, Vulcan and each respective electrocatalysts 
with CoPc and FePc molecules at different metal loading, together with com
parison with Pt/C in O2-saturated 0.1 M KOH solution.  

Sample EONSET
a/V vs RHE nb jlimc/mA cm− 2 

20 wt % Pt/C 0.97 3.95 − 5.14 

CNovel_m 0.81 2.63 − 2.54 
CNovel_Co_1 0.85 2.80 − 2.46 
CNovel_Co_2 0.85 2.54 − 3.34 
CNovel_Fe_1 0.93 3.98 − 3.74 
CNovel_Fe_2 0.95 3.99 − 4.69 

Vulcan_m 0.81 2.10 − 2.63 
Vulcan_Co_1 0.86 3.12 − 3.53 
Vulcan_Co_2 0.84 2.68 − 3.42 
Vulcan_Fe_1 0.92 3.98 − 3.95 
Vulcan_Fe_2 0.92 3.99 − 3.88  

a Determined at − 0.1 mA cm− 2. 
b Determined at 0.7 V vs RHE. 
c Determined at 0.4 V vs RHE. 

Fig. 8. Chronoamperometric curves of CNovel_Fe_2 and Pt/C electrode at 0.65 
V in O2-saturated 0.1 M KOH electrolyte. 1600 rpm (T = 25 ◦C). (A colour 
version of this figure can be viewed online.) 
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area where MPc are more likely to aggregate and stack together, what is 
clearly observed for FePc. 

The electrocatalytic activity of the materials obtained for the ORR in 
alkaline medium, show that the best performance corresponds to FePc 
when supported on CNovel carbon material, what is in agreement with 
the better distribution of MPc due to its hollow-like spherical structure. 
Although some FePc stacking and material compaction can occur when 
using 2 wt % of metal loading, CNovel seems to promote a better 
interaction and a more homogeneous distribution than in Vulcan under 
the same conditions. This effect could be connected not only to the more 
accessible surface, but also to the presence of higher oxygen content in 
CNovel (as seen in the TPD experiments) that can coordinate with the 
central metal in FePc and promote favorable electronic redistribution for 
ORR electrocatalysis. These results are supported by changes in XPS 
spectra for FePc-related samples, whereas for CoPc-related catalysts 
they are practically unaltered. Consistent with these findings, CNo
vel_Fe_2 sample provides excellent electrocatalytic properties, in terms 
of electrocatalytic activity, long-term stability and methanol tolerance 
compared to a commercial Pt/C catalyst, which are even more 
remarkable for its ease of preparation. 

Direct contact between MPc and the carbon support using a ball- 
milling method and under dry conditions, that is without the use of 
any solvent, produces electrocatalysts with excellent performance. As a 
main achievement of this study, this work provides important insights 
on one-step solvent-free mechanochemical preparation method of effi
cient molecular electrocatalysts for ORR, in which no pre-treatment (e. 
g., functionalization of the carbon support), solvent addition or post- 
processing steps (e.g., heat-treatment, acid-treatment, etc.) were 
required before, during or after the ball-milling procedure. 
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[38] J. Quílez-Bermejo, C. González-Gaitán, E. Morallón, D. Cazorla-Amorós, Effect of 
carbonization conditions of polyaniline on its catalytic activity towards ORR. Some 
insights about the nature of the active sites, Carbon 119 (2017) 62–71, https://doi. 
org/10.1016/j.carbon.2017.04.015. 

[39] J.H. Zagal, I. Ponce, D. Baez, R. Venegas, J. Pavez, M. Paez, M. Gulppi, A possible 
interpretation for the high catalytic activity of heat-treated non-precious metal nx/ 
C catalysts for O2 reduction in terms of their formal potentials, Electrochem. Solid 
State Lett. 15 (2012) B90, https://doi.org/10.1149/2.032206esl. 

[40] A. Kumar, Y. Zhang, Y. Jia, W. Liu, X. Sun, Redox chemistry of N4-Fe2+ in iron 
phthalocyanines for oxygen reduction reaction, Chin. J. Catal. 42 (2021) 
1404–1412, https://doi.org/10.1016/S1872-2067(20)63731-7. 

[41] K.D. Beard, J.W. Van Zee, J.R. Monnier, Preparation of carbon-supported Pt–Pd 
electrocatalysts with improved physical properties using electroless deposition 
methods, Appl. Catal., B 88 (2009) 185–193, https://doi.org/10.1016/j. 
apcatb.2008.09.033. 

[42] A. Friedman, L. Landau, S. Gonen, Z. Gross, L. Elbaz, Efficient bio-inspired oxygen 
reduction electrocatalysis with electropolymerized cobalt corroles, ACS Catal. 8 
(2018) 5024–5031, https://doi.org/10.1021/acscatal.8b00876. 

[43] S. Domínguez-Domínguez, J. Arias-Pardilla, Á. Berenguer-Murcia, E. Morallón, 
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