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A B S T R A C T

The sluggish kinetics of the oxygen reduction reaction (ORR) remain a key bottleneck for the commercialization 
of proton exchange membrane fuel cells (PEMFCs), driving the search for efficient, non-precious metal catalysts. 
Herein, we present a laser-assisted pyrolysis strategy for the synthesis of nitrogen-doped carbon (NC) materials, 
both metal-free and containing atomically dispersed Fe and Co, using aerosolized phthalocyanine precursors and 
a near-instantaneous rapid decomposition under a high-energy laser beam, while preventing metal aggregation. 
A single-step post-synthetic thermal activation under an NH₃/N₂ atmosphere further tailors the textural and 
surface properties, without requiring ammonia co-feeding during laser pyrolysis, acid etching, or multiple 
treatments, marking a significant improvement over our previously reported single atom (Fe-N/C) protocols. The 
resulting Fe_Co/NC_tr catalyst exhibits high specific surface area, enhanced microporosity, improved graphiti
zation, and increased abundance of electrochemically beneficial nitrogen sites. Compared to our earlier reported 
Fe–N/C catalysts, Fe_Co/NC_tr delivers significantly higher limiting current densities and enhanced durability in 
alkaline media. Overall, the developed Fe_Co/NC catalyst exhibits good ORR catalytic activity and outstanding 
long-term stability in alkaline media, comparable to the state-of-the-art commercial Pt/C catalysts. Cyanide 
poisoning tests confirm the essential role of atomically dispersed Fe2+ and Co2+ as active ORR sites.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are among the 
most promising technologies in the transition toward clean and sus
tainable energy, owing to their high efficiency and low emissions [1,2]. 
When powered by green hydrogen from water splitting, PEMFCs provide 
a reliable pathway for decarbonized energy conversion. However, the 

sluggish kinetics of the oxygen reduction reaction (ORR) at the cathode 
remains a key obstacle to their widespread commercialization. While 
platinum-based catalysts offer excellent performance, their high cost 
(nearly 20 % of the total fuel cell cost), scarcity, and limited durability 
represent significant challenges in their technological implementation 
[3–6]. This has spurred extensive efforts to develop alternative, non- 
precious metal catalysts for ORR.
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Among these alternatives, carbon-based materials have attracted 
great attention due to their excellent conductivity, chemical stability, 
and structural tunability [7–10]. However, they present a low interac
tion toward O2 and ORR intermediates. Therefore, they typically un
dergo chemical tuning by introducing dopants or functional groups able 
to modify their surface properties. In this regard, doping carbon with 
light elements such as N, S or P that have similar atomic radius as car
bon, induces charge density redistribution on the surface of carbon 
materials, which can effectively weaken the O–O bonding, leading to 
improved ORR performances [8,11,12]. Moreover, it has been shown 
that incorporating transition metals such as Fe, Co, or Ni can signifi
cantly enhance ORR activity by creating M–Nₓ coordination sites, where 
the metal acts as a highly active catalytic center [13,14].

Despite these advantages, transition metal-based catalysts often 
suffer from performance degradation due to metal leaching and limited 
conductivity [15]. To improve efficiency and long-term stability, single- 
atom catalysts (SACs) have been developed, offering high atomic utili
zation, well-defined active sites, and enhanced metal-support in
teractions [16–21]. However, obtaining single-atom (SACs) and dual- 
metal atom catalysts (DACs), where two different metal atoms syner
gistically contribute to catalysis, remains synthetically challenging due 
to the tendency of metals to aggregate into clusters or nanoparticles 
(NPs) [18–20,22].

In our previous work, we developed atomically dispersed Fe–N–C 
SACs [23], exhibiting good ORR activity, although stability issues were 
observed under accelerated stress testing. To improve on these results, in 
this work we adopted a dual-metal approach by introducing cobalt 
alongside iron. This is a logical strategy since сobalt is frequently paired 
with iron due to its complementary catalytic properties and electronic 
interactions. For instance, Li et al. [24] attributed the high activity of 
Fe–Co DACs to a reduced energy barrier for O–O bond dissociation, 
while Han et al. [25] demonstrated that the presence of both metals 
alters the charge distribution around the active sites, leading to an 
optimized electronic structure and enhanced catalytic performance. Dun 
et al. [26] associated the excellent ORR activity of their catalyst to the 
synergistic effect of dual metal sites, high specific surface area, and 
porous structure.

In addition to introducing a second metal, other strategies such as 
post-activation thermal treatments have often been used to enhance the 
performance of carbon-based catalysts [27–30]. Accordingly, in this 
work a single post-synthetic thermal treatment in an NH₃/N₂ atmo
sphere was applied following laser-assisted pyrolysis. This step 
enhanced the catalyst’s surface area and porosity, crucial for mass 
transport and access to active sites, by partially gasifying the carbon 
matrix, removing volatile species. More importantly, the treatment also 
helped to stabilize the dispersed Fe and Co atoms, preventing aggrega
tion and preserving their single-atom nature. Overall, this one-step 
activation played a crucial role in optimizing the catalyst’s structure 
and boosting its long-term ORR performance in alkaline media.

As shown below, in this work a Fe_Co/NC catalyst was prepared, 
featuring atomically dispersed Fe and Co species within a nitrogen- 
doped carbon matrix, with a total metal loading of (0.45 ± 0.02 wt%). 
The post-synthetic treatment of the catalyst featuring atomically 
dispersed Fe and Co not only preserved metal dispersion in the carbon 
matrix, but also resulted in a solid displaying significantly improved 
physicochemical characteristic, namely higher specific surface area and 
increased microporosity in the sub-nanometer range.

Finally, while the materials were synthesized via laser-assisted py
rolysis, using the same aerosol-based feeding setup as in our previous 
study [23], in this case we performed important process modifications to 
facilitate processing and potential scale up. First, different phthalocya
nine precursors were used for Fe and Co rather than combining them in a 
single molecule as a preformed bimetallic complex. This was intended to 
introduce flexibility regarding their relative concentrations, although 
the final metal ratios were influenced by their different solubilities in 
pyridine, as well as their distinct volatilities and decomposition 

behaviours under laser irradiation. These factors collectively governed 
the metal loading and dispersion in the resulting carbon matrix. Second, 
in contrast to our previously reported procedure for the synthesis of the 
Fe/NC material [23], the current process does not involve ammonia 
injection along with the phthalocyanine precursors, nor does it require 
subsequent acid etching or secondary thermal treatment, simplifying the 
process, making it more cost-effective and reducing operating costs. The 
main process-related advantages with respect to our previous work are 
schematically explained in Table S1.

In summary, the results of this work demonstrate the potential of 
laser pyrolysis to produce highly efficient, atomically dispersed catalysts 
containing different active species. In particular, the Fe_Co/NC catalyst 
delivered a substantially higher limiting current density, and clearly 
superior operational stability compared to the Fe/NC SACs catalyst, 
while maintaining a similar half-wave potential in alkaline media. These 
advancements are especially relevant for practical applications in 
membrane electrode assemblies for fuel cells, where high mass activity, 
efficient mass transport, and long-term durability are critical perfor
mance parameters. Of note, metal-free N-doped carbons were also syn
thesized as controls, and they demonstrated notable intrinsic ORR 
activity, highlighting the catalytic contribution of the nitrogen-doped 
carbon matrix. Nevertheless, the superior performance of the Fe–Co 
system confirms the additive and beneficial role of atomically dispersed 
Fe and Co active sites.

2. Experimental section

2.1. Laser-driven generation of carbon materials and activation treatment

The synthesis of the different carbon materials was carried out by 
laser-assisted pyrolysis of different aerosolized organic precursors 
(Scheme 1) in a continuous flow reactor, as described elsewhere 
[23,31–33]. Metal-free carbon materials were prepared using either 
pyridine (labeled as Py/NC) or 90 mg of solid phthalocyanine (hereafter 
Ph_Py/NC) dissolved in 25 mL of pyridine. To generate carbons con
taining Fe and Co, two separate solutions were prepared, containing 45 
mg of the corresponding metal (II) phthalocyanine in 12.5 mL of pyri
dine, which were then mixed to obtain a total volume of 25 mL. The final 
solution was fed from a sealed chamber equipped with a nebulizer board 
(APC International, Ltd., Mackeyville, USA) operating at 1.65 MHz and 
40 V, converting it into aerosol droplets (samples named after Fe_Co/ 
NC). Additional experimental details about the laser reactor configura
tion and reaction conditions can be found in the Supporting Information. 
The as-prepared materials were collected directly onto cellulose filters 
(F2044), with subsequent calcination treatment in a muffle furnace at 
300 ◦C (1 ◦C min− 1 heating ramp) for 3 h to remove incompletely 

Scheme 1. Schematic representation of the different precursors used: metal- 
free systems based on pyridine (Py) as solvent, or phthalocyanine (Ph) in 
pyridine (Ph/Py); and dual-metal systems based on Fe(Co) phthalocyanine 
dissolved in pyridine and aerosolized for laser pyrolysis. The scheme also il
lustrates the applied post-synthetic treatments and the resulting sample 
nomenclature (tr), according to the precursor type.
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decomposed precursors.
The as-prepared samples (Py/NC, Ph_Py/NC, Fe_Co/NC) were sub

jected to a thermal activation treatment: first, under a N2 flow (200 NmL 
min − 1) at 900 ◦C (heat ramp of 20 ◦C min− 1) and held at that tem
perature for 100 min, then, using a mixture of a NH3/N2 flow (30/200 
NmL min− 1) at 900 ◦C for 30 min, followed by cooling down to the room 
temperature under a N2 flow (200 NmL min − 1). The resulting catalysts 
were labeled as: Py/NC_tr, Ph_Py/NC_tr, and Fe_Co/NC_tr. In addition 
and for the sake of comparison, the Fe_Co/NC sample was treated for the 
last 30 min under N2 atmosphere (200 NmL min − 1) in the absence of 
ammonia, under analogous experimental conditions. The resulting ma
terial was denoted as Fe_Co/NC_inert tr. The synthesis of these mate
rials was performed by the Synthesis of Nanoparticles Unit (UNIT 9) of 
the ICTS “NANBIOSIS” at the Institute of Nanoscience and Materials of 
Aragon (INMA)-Universidad de Zaragoza. Additional experimental 

details (chemicals used, detailed laser pyrolysis set up, characterization 
methods (including X-Ray Absorption Spectroscopy carried out at the 
ALBA synchrotron) and electrochemical measurements are given in the 
Supporting Information.

3. Results and discussion

Drawing upon our established expertise in laser-driven catalyst 
synthesis, we developed a simplified and more cost-effective approach 
for the preparation of dual-metal (Fe, Co) atomically dispersed catalysts, 
labeled Fe_Co/NC. This method utilizes the near-instantaneous laser- 
driven decomposition of aerosolized suspensions of separate iron and 
cobalt phthalocyanine precursors in pyridine. This strategy, using 
commercially available precursors, offers flexibility in tuning metal ra
tios, limited only by their solubility. A key modification from our 
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Fig. 1. Representative TEM images of Py/NC, Py/NC_tr and Fe_Co/NC materials (a-c), with inset showing particle size distribution (~18 nm) of the carbon 
nanoparticles; HAADF-STEM images of Ph_Py/NC_tr, Fe_Co/NC_tr (d-f) with inset in (f) showing EDX analysis, confirming the presence of Fe and Co in the Fe_Co/ 
NC_tr material; Metal centers (Fe and Co) in HAADF-STEM (e) are highlighted with arrows. EDX elemental maps of the Fe_Co/NC_tr material (g) showing the spatial 
distribution of N, O, and C.
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previous single-Fe catalyst synthesis is the elimination of ammonia co- 
feeding during laser pyrolysis and the subsequent acid etching and 
secondary thermal treatment steps. Instead, the as-prepared materials 
underwent a single, high-temperature (900 ◦C) post-synthetic thermal 
treatment under an NH₃/N₂ atmosphere. A control sample, Fe_Co/ 
NC_inert tr, was treated under an inert N₂ atmosphere for comparison. 
This streamlined process reduces operational complexity and chemical 
usage while lowering overall preparation costs.

3.1. Synthesis and characterization of metal-free and dual-metal Fe–Co 
on N-doped carbons

Electron microscopy (Fig. 1) confirmed that all carbon materials 
exhibited a disordered structure, characterized by aggregates of small 
interconnected carbon particles, approximately 18 nm in size (Fig. 1a,c) 
that remained structurally unchanged after NH3 activation (Fig. 1b,d). 
HAADF-STEM and EDX analysis of the treated Fe_Co/NC materials 
showed no evidence of nanoparticle or cluster formation (Fig. 1e), 
instead revealing isolated bright dots indicative of atomically dispersed 
Fe and Co (Fig. 1f). EDX mapping further demonstrated the uniform 
distribution of C, N and O throughout the structure (Fig. 1g). The Fe and 
Co signals appear at background levels, consistent with their atomic 
dispersion below the spatial resolution of EDX (Fig. S1).

ICP-OES analysis of the as-synthesized material before activation 
showed an Fe content of 0.48 wt%. The treated in NH3/N2 at 900 ◦C 
Fe_Co/NC material showed an Fe content of approximately 0.45 ± 0.02 
wt%. Cobalt consistently exhibited lower incorporation than iron, being 
below the quantification limit, reflecting its limited solubility in the 
synthesis solvents and distinct decomposition behavior under laser 
irradiation. Under identical conditions, (91 mg of phthalocyanine in 25 
mL of pyridine), only 11 mg of CoPh (~13 mol%) dissolved versus 25 mg 
of FePh (~29 mol%), resulting in 80 mg, and 66 mg of precipitate, 
respectively. The limited solubility of CoPh in pyridine, along with its 
different decomposition temperature, likely governed the final Fe:Co 
ratio in the atomically dispersed carbon network.

XRD patterns (Fig. S2a-b) revealed two characteristic broad diffrac
tion peaks at ~25◦ and ~ 44◦ (2θ) for all catalysts, ascribed to the (002) 
and (100) planes of disordered carbon, respectively [34]. No signals 
attributable to crystalline Fe or Co phases were detected, (Fig. S2a-S2b), 
confirming the absence of metal clustering. Raman spectroscopy 
(Fig. S3a-S3b) showed that the intensity ratios of the disorder-induced D 
band at ~1350 cm− 1 to the tangential stretch G band at ~1590 cm− 1 (I 
(D)/I(G) [35] were similar for all metal-free samples, regardless of 
activation under N2 or NH3/N2. However, the I(D)/I(G) ratio for the 
non-treated Fe_Co/NC sample was notably lower compared to all other 

materials and increased after activation treatments, aligning with values 
observed for all materials, and suggesting increased structural disorder 
after activation. DRIFTS results showed that non-treated samples hold a 
structure close to the activated carbon structure with the presence of 
nitrogen- and oxygen- functional groups (Fig. S4a), which were 
completely removed after NH3 activation treatment (Fig. S4b), indi
cating significant chemical restructuring during thermal treatment.

The single post-synthetic thermal treatment, particularly under NH3/ 
N2 atmosphere, significantly enhanced the textural properties of the 
materials. As shown in Fig. 2a, non-treated samples (dotted lines) 
exhibited type II isotherms, characteristic of non-porous or poorly 
porous materials [36], with BET surface areas below 50 m2/g and low 
pore volumes (Table S2). After NH3 activation at 900 ◦C, the metal-free 
materials (Py/NC_tr and Ph_Py/NC_tr) achieved BET surface areas 
exceeding 700 m2/g. Notably, the incorporation of Fe and Co followed 
by NH3/N2 activation further increased the surface area of Fe_Co/NC_tr 
to 900 m2/g, corresponding to a ~ 20-fold increase compared to its 
untreated form. In contrast, Fe_Co/NC treated under N2 showed only a 
modest five-fold increase in surface area, highlighting the critical role of 
NH3 in promoting microporosity and textural development. Addition
ally, non-local density functional theory (NLDFT) pore size analysis 
indicated a well-developed microporosity, with pore widths about 0.8 
nm for Py/NC_tr and Ph_Py/NC_tr, and additional sub-nanometer pores 
(~ 0.7 and 0.9 nm) emerging in Fe_Co/NC_tr [37] (Fig. 2b). SEM images 
(Fig. S5) display agglomerated carbon particles with similar overall 
morphology before and after NH₃/N₂ activation, indicating that the 
large increase in BET surface area originates from micro- and meso
porosity not resolved at SEM magnifications.

The formation of microporosity after activation is a consequence of 
the thermal removal of carbon fractions, a process amplified by NH3. As 
previously reported [38], ammonia interacts with disordered carbon 
phases during heat treatment, enhancing mass loss and ORR catalytic 
activity, although the mechanism was not specified. We suggest that in 
the presence of catalytic metal centers at high temperatures, as also 
demonstrated by Bota and Abotsi [39], ammonia undergoes in-situ 
decomposition to generate hydrogen (Reaction 1), which subsequently 
reacts with carbon (Reaction 2). 

2NH3→N2 +3H2 (R1) 

C+2H2→CH4 (R2) 

In addition to the above gas-evolving reactions, another mechanism 
likely contributing to the observed porosity increase is the elimination of 
volatile fractions that block the pores, originating from non-evaporated 
solvent residues or partially decomposed precursors. This would happen 

tr

Fig. 2. N2 adsorption (77 K) isotherms (a) and NLDFT pore size distributions (b) for non-treated and treated samples.
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even under inert atmosphere and their removal during thermal activa
tion would contribute to pore opening and the observed increase in 
surface area. TGA results (Fig. S6) support this interpretation: while 
both metal phthalocyanines exhibit ~90 % total mass loss by 640 ◦C, 
FePh begins to decompose at a much lower temperature (~380 ◦C), 
whereas CoPh starts decomposing closer to 550 ◦C. Moreover, as already 
mentioned, the solubility of CoPh in pyridine is significantly lower (13 
mol%) compared to FePh (29 mol%), which, together with the higher 
decomposition temperature, may result in incomplete incorporation of 
Co species, leaving residual organics that are removed during activation. 
Thus, porosity development results from both metal-catalyzed gasifica
tion of carbon structure under NH3 and thermal volatilization of organic 

residues.
These results are in agreement with XRD, DRIFTS and especially XPS 

analysis (vide infra), indicating progressive carbonization concurrent 
with a decrease in the surface concentration of N and O in the treated 
samples. Increased carbonization entails higher electrical conductivity, 
facilitating electron transfer [40]. Moreover, a higher porosity and 
larger specific surface area increase the contact surface, exposing more 
electrochemically active sites [41–43].

XPS analysis confirmed a significant presence of C, O, N species, with 
no signals detected in the Fe and Co regions (Table S3). This absence is 
attributed to the low amounts of metal present in the samples, which fall 
below the detection limit of the technique.

Fig. 3. X-ray photoemission spectra and fitting analysis corresponding to the N 1 s region for non-treated (a,c) and treated (b,d) samples and schematic repre
sentation of different types of nitrogen binding in carbon matrix (e).
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A slight decrease in N and O atomic concentrations was found for the 
samples after activation treatments. Additionally, trace amounts of S, 
and F impurities (0.05 at.%) were detected in Ph_Py/NC_tr in samples, 
originated from SF6, which was used as a photosensitizer to selectively 
absorb infrared laser wavelengths during synthesis. Detailed analysis of 
the fitted X-ray photoemission spectra corresponding to the N 1 s region 
(Fig. 3 and Fig. S7)) indicated the coexistence of pyridinic-N, pyrrolic-N, 
quaternary-N in all samples, along with the progressive appearance of 
oxidized-N in the treated catalysts [44–46]. Furthermore, pyridinic-N 
and pyrrolic-N were converted into thermodynamically more stable 
graphitic-N (quaternary-N) after treatment (Table S4).

In the C 1 s region spectra (Fig. S8), the most pronounced peak 
around 284.5 eV, is assigned to C–C bonds, primarily containing sp2 

carbon [47]. C–N and C–O bonding were ascribed at 286 eV, while 
minor signals attributed to carboxylic groups (O=C-OH, 287.9 ± 0.3 eV) 
and to π–π* interactions (290.4 ± 0.2 eV) were also fitted [45,46,48]. 
The relative percentage of the different carbon species for C 1 s is 
summarized in Table S5. It can be seen that following the activation 
treatment, C-O/C-N and O=C-OH decrease in correspondence with the 
removal of nitrogen and oxygen atoms from the carbon matrix. In 
contrast, the contribution of sp2 C and π-π* graphitic shake-up satellite 
increased, being more noticeable for the Fe_Co/NC_tr sample, indicating 
an enhanced graphitization degree [49], which we attribute to the NH3 
activation treatment, especially in the presence of metals.

Fig. 4 reports the Co and Fe K-edge X-ray absorption spectra collected 
over the treated Fe_Co/NC material and compared with different Fe and 

Co references. Fig. 4a-b depicts the normalized x-ray absorption near 
edge structure (XANES), while Fig. 4c-d correspond to the Fourier 
transform (FT) of the k2-weighted extend x-ray absorption fine structure 
for the Fe and Co K-edge, respectively. The Fe and Co K-edge XANES 
features corresponding to the Fe_Co/NC samples landed in between the 
Fe and Co phthalocyanine and oxides spectra, suggesting a global Fe and 
Co oxidation state close to 2+. The main signal contribution to the FTs 
for both the Fe and Co K-edge appears in between 1 and 2 Å, in corre
spondence of the first shell of the corresponding phthalocyanine and 
oxide references. This first shell contribution, around 1.4 Å, is attributed 
to the M-O/C/N bond (M = Fe or Co). In the reference spectra, the 
second contribution appearing around 2.5 Å corresponds to the second 
shell, to the M-M bond. Its strong suppression for the sample spectra 
indicates that Fe and Co are atomically dispersed. At both the Fe and Co 
K-edges, the first shell is structured, suggesting the M coordination with 
light elements (O/C/N) at slightly different distances. At the Co K-edge 
the global intensity of the first shell contribution is strongly reduced 
respect to the references, indicating a global higher local disorder.

3.2. Electrochemical measurements

The prepared carbon materials were tested in the electrocatalytic 
oxygen reduction reaction (ORR) using a rotating disk electrode (RDE). 
Key ORR parameters, such as onset potential (Eonset, V), limiting current 
density (jL, mA ⋅cm− 2), and half-wave potential (E1/2, V), were deter
mined from the recorded linear sweep voltammetry (LSV) polarization 

Fig. 4. Normalized Fe (a) and Co (b) K-edge XANES spectra collected on the Fe_Co/NC_tr system and compared with references (Fe(II)Phthalocyanine, Fe3O4, Fe 
metal, Co(II)Phthalocyanine, Co3O4, Co metal). (c, d) Fourier transforms of the corresponding k2-weighted EXAFS spectra performed with a sine window between 
2.65 and 14.5 Å− 1.
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curves. The onset potential, defined as the potential where the electro
chemical process begins, was determined through baseline correction of 
capacitive currents and applying a current threshold of − 0.1 mA⋅cm− 2 

[50]. The limiting current density is the maximum current achievable by 
a cell as the concentration of reactant O2 at the electrode working sur
face approaches zero, providing an estimation of oxygen mass transport 
resistance [51], i.e. the mass diffusion-controlled region. The half-wave 
potential reflects the coupling behavior of surface reaction kinetics and 
mass diffusion; serving as a metric to evaluate the activity of the elec
trocatalyst [52]. The apparent number of electrons transferred per O2 
molecule was calculated using the first-order Koutecky–Levich equation, 
as described in the Supporting Information.

3.2.1. Reaction in basic media
Electrocatalysts based on carbon typically demonstrate optimum 

performance in alkaline media [53–55] and therefore, our electro
catalysts were tested in an alkaline solution (0.1 M KOH, pH ~ 13) and 
compared with other catalysts under equivalent conditions. Non-treated 
samples, regardless of composition, showed inferior ORR activity char
acterized by low limited current density, low Eonset/E1/2, and the pre
dominance of hydrogen peroxide generation via the two-electron 
pathway (Reaction 3, Fig. 5a, Table S6, entries 1–2). 

O2 +2 e− +H2O→HO−
2 +OH− (R3) 

O2 +4 e− +2 H2O→4OH− (R4) 

In contrast, activation treatments, particularly those involving NH3, 
resulted in significant enhanced ORR activity (Fig. 5b,c and Table S6). 
These metal-free N-doped carbon materials showed performance com
parable to a commercial Pt/GC catalyst used for comparison, achieving 
limiting current density values of 6 mA*cm− 2 and a clear preference for 
the four-electron pathway (Reaction 4, Fig. 5c, Table S5, entries 4–5). 
Notably, the Fe_Co/NC_tr catalyst outperformed the Pt/GC catalyst in 
terms of limiting current density (7.08 vs 5.98 mA*cm− 2) although with 
slightly lower Eonset (0.92 vs 0.99 V), and a less positive half-wave po
tential (0.81 vs 0.88 V) (Table S6, entries 6–7).

To elucidate the role of ammonia, a control activation treatment 
under pure N2 at identical conditions was applied. These samples 
showed moderate improvement over non-treated ones, but their ORR 
activity remained significantly lower than those activated in the pres
ence of ammonia (Fig. 5b), highlighting the crucial role of ammonia in 
enhancing catalyst performance.

3.2.2. Reaction in acidic media
Additionally, the ORR performance of the treated samples was tested 

in an acidic electrolyte (0.1 M HClO4, pH ~ 1), which typically exhibits 
slower ORR kinetics compared to the alkaline environment [56,57]. 
Nevertheless, acidic PEMFCs are increasingly favored for large-scale 
applications due to their higher power density and superior long-term 

Fig. 5. ORR polarization curves for non-treated samples (a), for the Fe_Co/NC samples under different conditions (b), treated samples vs. commercial Pt/GC catalyst 
in alkaline (с) and acidic (d) electrolyte. All linear sweep voltammetry (LSV) tests were collected at a sweeping rate of 10 mV s− 1 and at a rotating speed of 1600 rpm.
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stability compared to alkaline PEMFCs [58]. In acidic conditions, a 
similar activity trend was observed among the studied electrocatalysts 
(Fig. 5d, Table S7): Fe_Co/NC_tr > Ph_Py/NC_tr ≈ Py/NC_tr Fe_Co/ 
NC_inert tr. Here, the determination of the water formation (Reaction 5, 
vide infra) was based on the calculated number of transferred electrons. 
Notably, the Fe_Co/NC_tr catalyst exhibited a higher limiting current 
density (8.15 vs. 6.52 mA⋅cm− 2 for commercial Pt/GC). However, its 
significantly lower onset potential (0.76 vs. 0.96 V) and half-wave po
tential (0.59 V vs. 0.87 V) in acidic media (Table S7, entries 4 and 5) 
highlight its intrinsically lower ORR activity. This observation aligns 
with reports on the reduced stability and activity of non-precious metal 
catalysts in acidic media due to demetallation and slow proton-coupled 
electron transfer, apart from the carbon corrosion or oxidation as the 
main cause of the degradation [59]. In contrast, Pt-based catalysts 
remain active and stable across both environments due to their optimal 
ORR intermediate binding energies and strong corrosion resistance [60]. 
At the same time, recent work has demonstrated that optimizing the 
local coordination and symmetry of FeN₄ sites by introducing asym
metric edge‑carbons can significantly enhance their ORR performance 
in acidic environments by modulating the electronic structure of the Fe 
centers [61]. 

O2 +4 e− +4H+→2 H2O (R5) 

Comparing these results with our previous work on single-atom Fe- 
C/N catalysts [23], where Fe–N@C–NH₃ materials were synthesized 
using iron phthalocyanine with ammonia injected during the laser- 
assisted pyrolysis step, followed by a multi-step activation process 
including acid etching and subsequent post-activation thermal treat
ments (one or two), the current study presents a significantly improved 
approach. Here, we developed a dual Fe–Co atomically dispersed ORR 
catalyst (Fe_Co/NC) by employing separate Fe and Co phthalocyanine 
precursors for flexibility, eliminating ammonia co-feeding during the 
initial laser pyrolysis step, and crucially, simplifying the post-synthetic 
activation to a single thermal treatment under NH₃/N₂ atmosphere, 
thereby avoiding the previously required acid etching and second 
thermal treatment steps. Compared to the previous single-metal Fe- 
N@C-NH₃ 1HT (one thermal treatment step) and 2HT (two thermal 
treatment steps) catalysts (with ~0.1 wt% Fe loading), the current dual- 
metal Fe_Co/NC_tr catalyst (with a total metal loading of 0.45 wt% ±
0.02) demonstrates notable enhancements. Although the previous cat
alysts showed comparable Eonset and E1/2 potentials to Fe_Co/NC_tr 
(Table S6, entries 6, 8, 9; Table S7, entries 4, 6, 7), the Fe_Co/NC_tr 
catalyst delivered substantially higher limiting current densities in both 
alkaline and acidic conditions. This performance gain is particularly 
significant in acidic electrolyte, where Fe_Co/NC_tr achieved 8.15 
mA⋅cm− 2, starkly contrasting with the lower values of 2.60 mA⋅cm− 2 for 
Fe-N@C-NH₃ 1HT and 3.60 mA⋅cm− 2 for Fe-N@C-NH₃ 2HT (Table S7). 
This represents a remarkable ~40–70 % increase in limiting current 
density, indicative of improved mass transport and greater accessibility 
of active sites in the Fe_Co/NC_tr material.

To monitor hydrogen peroxide formation during the ORR, rotating 
ring-disk electrode (RRDE) measurements were performed using a 
glassy carbon disk equipped with a Pt ring. The study includes the 
bimetallic Fe_Co/NC_tr catalyst as well as the control monometallic Fe/ 
NC_tr and Co/NC_tr samples, all prepared, treated and tested under 
identical conditions together with metal-free Ph_Py/NC_tr and com
mercial Pt/GC. Among the studied catalysts, the metal-free Ph_Py/NC_tr 
exhibits the lowest ORR activity in both alkaline and acidic media 
(Fig. S9). The bimetallic Fe_Co/NC_tr shows the highest limiting current 
density, while its half-wave potential and electron transfer number (3.9 
or ~ 7 % of H2O2 at 0.65 V vs RHE) are comparable to those of the 
monometallic Fe/NC_tr and Co/NC_tr samples, except in acidic media, 
where Co/NC_tr generates more H₂O₂ (up to 28 % Fig. S9e), indicating 
the lowest selectivity among all catalysts.

The stability of the Fe_Co/NC_tr catalyst and its metal-free support 
after activation treatment was evaluated using load cycling accelerated 

Fig. 6. ORR polarization curves of treated samples and 20 % Pt/GC before and 
after stability tests in KOH 0.1 M measured at 1600 rpm.
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stress tests (AST) and compared with the performance of commercial Pt/ 
GC (Fig. 6). Remarkably, after 10,000 cycles, all samples, including 
Fe_Co/NC_tr, the support, and Pt/GC showed only a 7–8 % loss in 
limiting current density and a 20 mV decrease in half-wave potential. In 
contrast, under the same AST conditions, the previously reported 
Fe–N@C–NH₃ (2HT) catalyst exhibited a 15 % loss in limiting current 
and a comparable 20 mV drop in half-wave potential. These results 
demonstrate the superior durability of the Fe_Co/NC system and, com
bined with its enhanced catalytic activity and simplified, cost-effective 
synthesis, highlight its significant advantages over the previous Fe–N/ 
C catalysts.

To further investigate ORR performance in acidic media, accelerated 
stability tests (ASTs) were performed using RRDE for metal-free Ph_Py/ 
NC_tr, bimetallic Fe_Co/NC_tr, and commercial Pt/GC. The metal-free 
sample showed the largest loss in half-wave potential (~100 mV), 
Fe_Co/NC_tr experienced moderate degradation (~30 mV), and Pt/GC 
remained largely stable (Fig. S13). Post-cycling HAADF-STEM 
confirmed that Fe and Co remain atomically dispersed, indicating min
imal metal leaching (Fig. S14). These results suggest that the lower ac
tivity and gradual degradation in acidic media mainly originate from the 
chemical instability of the N-doped carbon framework, involving partial 
oxidation or corrosion of the carbon support [59]. The presence of 
atomically dispersed Fe and Co species appears to mitigate these effects 
to some extent by stabilizing the carbon matrix and maintaining the 
integrity of active sites.

The activation treatment in the presence of NH3 results in a variety of 
effects on the catalyst that draw a complex picture. On the one hand, the 
total N content decreases significantly after treatment, likely a conse
quence of the high temperatures employed, since a similar decrease is 
also observed for the treatment in the absence of NH3. However, the 
treatment produces a profound change on the relative contribution of 
the different N species, with strong increases for the quaternary and 
oxidized nitrogen. On the other hand, perhaps the most significant 
change refers to the increase of the BET surface area and the develop
ment of microporosity.

Additionally, electrochemically active surface area (ECSA) of the 
treated catalysts immobilized on glassy carbon electrode was deter
mined based on the double-layer capacitance recorded using CV in an 
Ar-saturated 0.1 M KOH solution, in a potential range where there is 

minimal faradaic current response. Therefore, the ECSA represents the 
area of the electrode material accessible to the electrolyte, while SBET 
areas are obtained by measuring powders through gas adsorption. The 
ORR performance correlated well with both the BET surface area and 
ECSA (Fig. 7 and Table S8), supporting the importance of accessible 
surface area and porosity.

Based on the characterization results, it became evident that the NH3 
activation treatment at 900 ◦C led to partial gasification and carbon
ization of the (Fe_Co)/NC samples, resulting in the development of high 
surface area and porosity, along with the formation of active and stable 
sites. Previous studies suggest that a higher fraction of pyridinic N 
species can increase current density, spin density, and the density of π 
states near the Fermi level, thereby boosting O2 reduction [62–64]. In 
this respect, our catalyst with the highest activity (Fe_Co/NC_tr) also 
exhibited the highest pyridinic N content among all the samples (around 
2 at.%) (Fig. 7 and Table S3). However it should be noted that the 
pyridinic N content actually decreases after treatment, which suggests 
that other N species, particularly quaternary and oxidized nitrogen, that 
increase strongly after treatment (Table S4), also contribute to the 
observed electrochemical performance. Interestingly, the best per
forming catalyst Fe_Co/NC_tr, also displayed a strong π-π* graphitic 
shake-up satellite signal in the C 1s region, indicating a higher graphi
tization degree (Fig. S5 and Table S5), which facilitates transport. 
Together with enhanced porosity, these features improve O₂ diffusion 
and mass/electron transfer, improving ORR kinetics [42].

In summary, while it is difficult to disentangle the combined effects 
of the different features of the catalyst, some general trends can be 
identified. Specifically, higher specific surface area and porosity, along 
with larger nitrogen content, especially in terms of pyridinic nitrogen, 
correlates with higher ORR performance, particularly regarding limiting 
current density and half-wave potential (Fig. 7). These trends are further 
supported by control experiments with the corresponding monometallic 
samples, which confirm the role of balanced porous texture, including 
the microporous contribution, nitrogen functionalities, and atomic 
metal dispersion (Fig. S10-S12, Tabl S9-S10), rather than a pronounced 
Fe–Co synergistic effect. A similar relationship between nitrogen 
speciation, hierarchical porosity, and ORR performance was reported by 
Zhang et al. [65] for Co–Cu/NC catalysts, where enhanced N-doping 
efficiency and coexistence of micro- and mesopores promoted active-site 
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accessibility and reaction kinetics.
Finally, poisoning tests with KCN were applied to further corrob

orate the role played by metal centers in the observed catalyst perfor
mance. Cyanide is known to form very strong complexes with metal 
ions, deactivating metal-based active sites and thus, hindering the ORR 
at the M+ centers [66]. Notably, the Fe_Co/NC_tr catalyst exhibited a 
clear decrease of ORR activity after KCN exposure (Fig. 8, Table S11), 
with near-complete recovery after rinsing the electrode with water in 
fresh electrolyte without cyanide, surpassing the performance of the 
metal-free support (Table S11, entry 4). In contrast, the Fe_Co/NC_inert 
tr sample (Table S11, entry 1) showed minimal activity loss, behaving 
similarly to metal-free supports (Table S11, entries 2–3). This confirms 
that NH3 activation promotes the formation of accessible, catalytically 
active Fe2+/Co2+ centers, which are absent in the Fe_Co/NC_inert tr 
sample. Similar findings have been reported [67], where an Fe loading 
of only 0.08 wt% delivered excellent ORR performance and stability, 
showing negligible effects of SCN− poisoning and acid treatment, sug
gesting that the accessibility and dispersion of active sites, together with 
the N-doped carbon matrix, are more decisive than the absolute metal 
content.

Fig. 9 compares our best-performing catalyst with state-of-the-art 
carbon-based ORR electrocatalysts, including metal-free [40,68–70], 
single-metal (Fe [23,40,68,73,74], and Co [40,68,75–77]), and dual- 
metal systems (Fe_Co) [40,68,71,72]. While onset and half-wave 

potentials of our top electrocatalysts are in line with leading reports 
(Fig. 9a,b), Fe_Co/NC_tr stands out with superior limiting current den
sity (Fig. 9c), indicating superior mass activity and enhanced active site 
accessibility.

4. Conclusions

This work demonstrates a laser-driven pyrolysis approach for syn
thesizing atomically dispersed dual-metal (Fe, Co) catalysts embedded 
in nitrogen-doped carbon. The method employs commercially available 
metal phthalocyanines dissolved in pyridine to form an aerosol, offering 
a cost-effective and flexible route that avoids complex bimetallic pre
cursor synthesis and allows tuning of the metal ratio within solubility 
limits. The same procedure with either pyridine or a solution of phtha
locyanine in pyridine can be used to prepare metal-free nitrogen-doped 
carbon-based catalysts.

Building upon previous work single-metal systems, the synthesis was 
significantly improved by using separate Fe and Co precursors and, 
importantly, by simplifying the post-synthetic activation to a single 
thermal treatment under an NH₃/N₂ atmosphere, eliminating the need 
for ammonia co-feeding during pyrolysis, and the subsequent acid 
etching, and second thermal treatment steps required previously, 
resulting in a more cost-effective process. The controlled laser synthesis 
followed by this specific single thermal treatment at 900 ◦C resulted in a 
material (Fe_Co/NC_tr) containing atomically dispersed Fe and Co sites, 
a remarkably high specific surface area (> 900 m2/g), and enhanced 
microporosity, far exceeding the textural properties of earlier single- 
metal materials. These textural improvements, along with favorable 
modifications in nitrogen species and increased graphitization, signifi
cantly improved mass transport and active site accessibility.

Electrochemical studies revealed that the Fe_Co/NC_tr catalyst ex
hibits robust electrocatalytic activity, particularly in terms of high 
limiting current density and exceptional durability in alkaline media. 
Importantly, the catalyst retains over 92 % of its activity after extended 
10,000 cycling, underscoring its long-term operational stability at a 
level comparable to commercial Pt/C. The metal content plays a crucial 
role, as iron and cobalt act as catalysts for the activation process during 
the thermal treatment, facilitating the formation of active centers (Fe2+, 
Co2+) key for ORR, as evidenced by poisoning tests with potassium 
cyanide.

Overall, this study provides a practical framework for designing 
dual-atom catalysts with superior stability and performance. The in
sights gained offer valuable guidance for future development of non- 
precious metal catalysts tailored for scalable deployment in proton ex
change membrane fuel cells and other energy conversion technologies.
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