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Single-Atom Catalysts (SACs) have emerged as the ultimate solutions in challenging systems bridging the gap
between homogeneous and heterogeneous catalysts. However, feasible synthesis methods are necessary to sta-
bilize single metal atoms, increase catalyst loadings and scale up the synthesis. Due to its sluggish kinetics, the
oxygen reduction reaction (ORR) is the main source of irreversibility in proton exchange membrane fuel cells
(PEMFC). The most promising candidates to replace Pt-based catalysts for the ORR in fuel cells are the so-called
Fe-N/C catalysts. These catalysts display high ORR activity in acidic and alkaline electrolytes. In this work, we

propose a laser-driven pyrolysis approach to generate Fe-N/C SACs that involves decomposition of aerosolized
iron-phthalocyanines. The resulting catalyst displays ORR activity in acidic and alkaline electrolytes, with
competitive half-potential and kinetic current density values in comparison with state-of-the-art electrocatalysts.

1. Introduction

Single-Atom Catalysts (SACs) with -catalytically active metal
dispersed as exclusively discrete atoms, have recently emerged as the
ultimate solution for overcoming the limitations of traditional catalysts
by bridging the gap between homogeneous and heterogeneous catalysts
[1-7]. Atomically dispersed active sites enable a maximal atomic utili-
zation; every metal atom can theoretically participate in the catalytic
reactions as an active site, which eventually increase the mass activity of
the metal element and turnover frequency of the reaction. To date,
numerous SACs dispersed on various supports (such as metal oxides or
carbon-based matrix) have been reported [4-10]. Carbon-based SACs

often containing transition-metal-nitrogen-carbon entities M—N/C (M
typically refers to Fe, Ni, Cu, Ti, Co or Mn), rank among the most
promising and environmentally friendly alternatives, due to their
competitive catalytic activity in electrochemical reactions including,
oxygen reduction reaction (ORR), hydrogen evolution reaction (HER),
and CO; electroreduction reaction [4-7,10-15]. Despite the tremendous
potential of SACs and the progress made in the last decade, key chal-
lenges remain unsolved as highlighted in recent review articles
[4-7,10,16]. First, stabilizing single metal atoms is extremely difficult
due to the preferential aggregation of metal atoms [17]. This leads to
very low catalyst loadings: As the metal loading increases, the prefer-
ence is to form clusters or nanoparticles, instead of single atom sites.
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Second, the lack of accurate preparation methods gives rise to”false
SACs” where, in addition to dispersed single atoms a variety of species
coexist, i.e. subnanometer clusters and nanoparticles with a wide range
of sizes [9]. As a result, the catalytic response is diverse and resulting
either in a loss of activity and selectivity or in positive responses
accompanied of complex catalytic mechanisms yet to unravel [4]. These
problems seriously restrict the extensive applications of SACs and
therefore a synthesis method, preferentially scalable and able to provide
higher catalyst loadings with a dominance of true SAC sites is sorely
needed [4]. The synthesis of SACs is a huge challenge due to their high
surface free energy and preferential aggregation of metal atoms.
Traditional strategies for nanoparticles (NPs) under hydrothermal en-
vironments or high temperature easily lead to the Oswald ripening [9],
which are not fit for the synthesis of SACs. Therefore, an intense research
effort has been directed to finding methods to create stable SAC sites
[4,6,16,18].

In addition, the scalability, the understanding and control of the
environment surrounding the metal sites are other factors of paramount
importance that must be carefully taken into account in order to accel-
erate the implementation of SACs [4,10,19]. The synthesis of SACs in a
view of atomically substantial strategy design can be divided into two
main strategies based on the key process during the synthesis: trapping
or implantation-confinement. The key challenge in the former is to trap
active metal atoms in the support by: defect trapping, ligand trapping or
surface dangling bond trapping to achieve a substrate supported single
atom structure. Essentially, the usual bulk transformation methods;
[20,21], atomic layer deposition [22], galvanic replacement [23] and
M-—precursors pyrolysis methods can be included in the trapping strat-
egy [24]. Although some of these methods have provided good results
for specific systems, in general, they are not applicable to a wide variety
of SACs, require sophisticated preparation procedures and give low
yields per batch. In addition, they are intrinsically difficult to scale up,
both in terms of increasing the metal loading and of developing
continuous preparation processes. Thus, large-scale production seems
unattainable, hindering their potential use in practical applications [4].

To overcome the above-discussed problems of trapping strategies,
implantation-confinement strategies have emerged. These involve cage
anchoring to restrict the migration of metal atoms. Template-removal
methods [25] and metal-organic-frameworks (MOFs) transformation
methods [26], belong to this strategy. Thus, since the pioneer Li and
Wu’s work [27,28], high-temperature pyrolysis of MOFs have been
extensively employed for the fabrication of metal-supported N-doped
carbon materials [4,28-30]. This strategy not only yield metal loading
substantially above 1 %, but also higher stability compared to SACs
synthesized by other methods. Their main disadvantage relates to the
need to synthesize the MOF precursors, a synthesis generally expensive
and often tedious and un-amenable to continuous, scaled-up production.
This is even clearer for alternative methods involving the use of sacri-
ficial templates [4,31,32], where the cost penalty of synthesizing a so-
phisticated template and then destroying it makes the process
economically unfeasible, not to mention the fact that the template-
removal process is likely to damage the structure of the SAC material
and may introduce impurities. Despite the above remarkable disad-
vantages, metal-supported N-doped carbon materials are currently
highly promising substitutes for Pt-based materials, towards oxygen
reaction reduction (ORR) in both alkaline and acidic electrolytes
through a four-electron pathway [4-7,11,13,18,27,30,33-36]. The most
appealing candidates are Fe, Co and Ni, and of these, Fe-N/C materials
possess superior ORR electrocatalytic activity, even approaching to that
commercial Pt/C [4,36,37].

In this work, we propose a laser-driven pyrolysis approach to pro-
duce SACs that also involves decomposition of suitable precursors, but
avoids most of the above-mentioned problems. Laser pyrolysis is a well-
established technology for the generation of nanomaterials and coatings
with a high degree of control on composition or purity [38-40]. The use
of continuous wave CO» laser sources warrant elevated heating rates,
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high reaction temperatures and short reaction times [38]. Laser pyrol-
ysis has been traditionally exploited for the generation of nanopowders
with optical, magnetic and biomedical applications [38,41-43]. In
recent years, this technique is gaining an increasing interest for the
development of carbon-based materials devoted to energy applications
and it is also expanding its potential for the generation of hybrid ma-
terials [38,42]. We leverage some of these intrinsic characteristics of the
laser pyrolysis process (instantaneous heating, well defined reaction
zone, immediate quenching of temperature and reaction beyond the
laser spot) and add a novel feature beyond the current-state-of-the-art in
laser-driven reactors, including a new aerosol feeding system. Remark-
ably, the generation of aerosols allows the use of affordable solid pre-
cursors that can be conveniently re-suspended and fed into the laser
reaction chamber, thereby expanding the plethora of potential alterna-
tives for laser pyrolysis non-previously disclosed for this technique.

The solvent must be carefully selected, since its role is not only to
transport the solid metal precursors to the reaction zone, but also is
responsible for the in-situ sequestration of the single atoms that will be
captured within the carbonaceous matrix. By carefully combining
organometallic precursors and solvents, M—N/C SACs with controlled
doping of N can be tailored by this approach. The chemical and struc-
tural characterization of the synthesized material revealed that the
metal atoms were dispersed in an N-doped C matrix. The as-prepared
catalysts were further heat treated in a gas atmosphere. This activa-
tion process effectively enabled the properties of the particles without
destroying the nanoscale structure of the material, keeping intact the
metal dispersion as exclusively single atoms. The resulting catalysts
displayed high ORR activity in acidic and alkaline electrolytes, with
competitive half-potential values, kinetic current densities and turnover
frequencies (TOFs) when compared with state-of-the-art
electrocatalysts.

2. Experimental
2.1. Laser-driven synthesis of the Fe-N/C catalysts

The synthesis of the catalysts was carried out by laser pyrolysis in a
continuous flow reactor described elsewhere [44,45] and with more
detail in the Supplementary Materials section. The reactor setup and
process is depicted in Fig. 1. Iron phthalocyanine (42 mg) was dissolved
in pyridine (25 mL) and the solution was fed from a sealed chamber
equipped with a 1.65 MHz nebulizer board, working at 40 V. An infrared
CO; laser beam (Rofin SCx30, A = 10.6 um) was settled to intersect
orthogonally with the aerosol stream. Ammonia was co-fed in certain
experimental conditions to maximize the formation of carbon

Collection
system

CO, Laser

Feeding system

Fig. 1. Illustration of the experimental setup for the synthesis of single atom Fe-
N-C catalysts showing the feeding system, the reaction area and the filter
collection system.
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containing N-C units. The synthesis of these materials was performed by
the Synthesis of Nanoparticles Unit (UNIT 9) of the ICTS “NANBIOSIS”
at the Institute of Nanoscience and Materials of Aragon (INMA)-Uni-
versidad de Zaragoza.

2.2. Catalyst activation

The samples obtained from laser pyrolysis (Fe-N@C, and Fe-N@C-
NH3) were subjected to a thermal treatment. First, the temperature was
raised from room temperature to 900 °C using a 20 °C-min " ramp under
a N5 flow of 450 NmL-min~ . After 110 min at 900 °C, NH3 was fed in the
reactor (No/NH3 = 450/70 NmL-min™Y), for 30 min. Then, the pyrolysis
reactor was cooled down to room temperature under flowing nitrogen.
These samples were acid leached in 2 M HySO4 during 8 h at 70 °C, in
order to remove non-stable iron phases. The solid recovered was sub-
jected to a second pyrolysis under the same temperature program. The
catalysts obtained after a second thermal treatment were labelled as Fe-
N@C (2HT), and Fe-N@C-NHg3 (2HT), respectively.

2.3. Electrochemical tests

Electrochemical tests were recorded using an Autolab PGSTAT320N
potentiostat/galvanostat controlled with the NOVA software. Measure-
ments were performed using a three-electrode set-up. The electro-
catalyst under study was deposited on a glassy-carbon electrode (0.196
cmz) mounted on a rotating disk electrode (RDE) by means of an ink.
Before ink deposition, the disk electrode surface was thoroughly cleaned
and carefully polished with a micropolish alumina 0.05 pm. The ink was
prepared by dispersing the desired amount of catalyst in a mixture of
ultrapure water (MilliQ® water 18.2 MQcm), isopropanol and Nafion
117 solution (5 %) with a volume ratio of 1:1:0.052 to a final concen-
tration of 6 mgcat-mL’l. Unless otherwise stated, catalyst loading on the
electrode was 0.8 gcatcméleom. An Ag/AgCl (3 M KCl) electrode (Met-
rohm) and a graphite rod were used as the reference and counter elec-
trodes, respectively. Potentials are reported vs the reversible hydrogen
electrode (RHE) after iR correction. Resistances of 24 and 42 Qin 0.1 M
HClO4 and 0.1 M KOH, respectively, were determined by electrical
impedance spectroscopy (EIS) at open voltage.

Prior to each experiment, the potential of the reference electrode was
calibrated by recording the potential of the hydrogen evolution reaction
using a Pt wire as working electrode [46]. The oxygen reduction reac-
tion (ORR) was measured in both 0.1 M KOH and 0.1 M HCIO4 elec-
trolytes. A 0.5 M acetate buffer of pH 5.2 (prepared with sodium acetate
and glacial acetic acid) was used as electrolyte for the in situ nitrite
stripping experiments [47]. Before measuring the ORR, cyclic voltam-
mograms (CVs) at 50 mV-s~! in Ar-saturated electrolyte were collected
until a constant response was obtained. For the evaluation of the ORR,
the electrolyte was saturated with oxygen and a series of CVs between
0.05 and 1.2 V at 10 mV-s~! at 1600 rpm were recorded until a constant
response was obtained. For the determination of the ORR activity, the
positive-going currents were used. After the ORR, a blank voltammo-
gram was recorded in Ar-saturated electrolyte at 10 mV-s~! and used for
double layer correction.

2.4. XANES and EXAFS characterization

XAS experiments were performed at the BL22 beamline “CLAESS” of
the ALBA synchrotron (Barcelona, Spain) [48], using the Si(111) double
crystal monochromator. The materials were studied at the Fe K-edge
(7.1 keV). XANES and EXAFS spectra were recorded at room tempera-
ture in the fluorescence mode. The energy of the absorption spectra was
calibrated by measuring the XANES of a Fe metal foil (used as reference
in our study) and of several Fe oxides in transmission mode. For the
measurements, both pellets and homogeneous layers of powdered
samples were used. Powdered samples were made by spreading fine
powders of the material onto an adhesive Kapton tape. The samples were
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measured in fluorescence mode at room temperature, using a full plastic
sample holder. The sample vacuum chamber was aluminum-based to
avoid any artifactual counts from scattered beams on the chamber. The
absorption spectra were analyzed according to standard procedures
[49,50] by using the Demeter-IFEFFIT program package [51]. A com-
plete discussion of the procedure can be found elsewhere [52,53]. It
should be noted that the measurements showed no modification of the
XAS spectra along several hours of measurement, indicating that the
observed properties are intrinsic and stable in time, that is, no beam
damage was observed in any of the specimens.

3. Results and discussion
3.1. Preparation of atomically dispersed Fe-N/C nanomaterials

The single atom catalysts (SACs) were synthesized by laser pyrolysis
(see Experimental section and Supplementary materials for further de-
tails). It consists of an aerosol generator filled with a solution of iron
phthalocyanine in pyridine, connected to the laser pyrolysis reactor. The
actual size range of droplets generated by this unit was measured by a
laser particle size analyser. The size profile of the solution differs from
that of the pure solvent, which is centered at 7 um (Figure S1). In the
process of COy laser pyrolysis, the first stage is the laser excitation
process. Sulfur hexafluoride (SF¢) was used as photosensitizer to
accomplish the energy transfer process between the laser light and the
precursor solution. The molecular mechanism involves the resonant
absorption of photons by IR-active vibrational energy modes of the
acceptor (SFg) in ground electronic state. The energy transferred on the
exchange of vibrational energy of the SFg molecules to translational
energy was used to heat the total volume of the droplets transported in
the carrier gas. Such local superheating-induced droplet destruction was
often accompanied by the appearance of a flame in the interaction
volume. The droplets rapidly disassemble into small molecular frag-
ments or even atoms. Because of the sudden and abrupt decline of
temperature with radial distance, product condensation starts abruptly,
resulting in a spray of nanoparticles. The freshly solid materials were
directly collected into a cellulose filter supported onto a stainless-steel
reservoir. The samples obtained by pyrolysis of iron phthalocyanine in
pyridine were labeled as Fe-N@C and Fe-N@C-NHj to distinguish the
absence or presence of an additional co-feeding of NHs, respectively. In
order to enhance their catalytic activity, an activation step of the as-
prepared solids was carried out. Typically, activation sequence
included (i)-heat treatment- (ii) acid etching- (iii) 2nd heat treatment
[54,55]. The catalysts after the activation treatment were identified as
Fe-N@C(2HT) and Fe-N@C-NH3(2HT), respectively.

3.2. Characterization of Single-Atoms catalysts

The morphological features of the samples directly obtained from the
pyrolysis process (Fe-N@C and Fe-N@C-NHg3) were characterized by
high-resolution transmission electron microscopy (HR-TEM). As shown
in Fig. 2, the particles collected after laser pyrolysis formed aggregates
containing smaller interconnected carbon particles. The particle size
distribution revealed mean diameters for primary particles of approxi-
mately 20 nm in both samples (Fig. 2a and 2d). TEM images showed no
evidence of large iron-based nanoparticles. It was also observed that the
carbon networks were mostly disordered in the Fe-N@C sample (Fig. 2b-
2c) and exhibited some onion-like domains in the Fe-N@C-NHj3 (Fig. 2e-
2f) and samples. Clearly, this fact leads to the turbostratic stacking of
graphite planes (Fig. 2f) in this latter sample [56,57].

High-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy
(EDS) mapping confirmed the homogeneous distribution of elements,
especially the Fe atoms (Fig. 3). Fig. 3a and Fig. 3e revealed a uniform
dispersion of C, N and Fe over the whole architecture of samples Fe-
N@C and Fe-N@C-NHg3, respectively. The aberration corrected HAADF-
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Fig. 2. Advanced electron transmission microscopy characterization of single iron-site catalyst supported on carbon matrixes: (a-b) TEM images and inset of particle
size distribution for Fe-N@C sample; (c) High-resolution TEM (HR-TEM) of the Fe-N@C sample; (d-e) TEM images and inset of particle size distribution for the Fe-

N@C-NH;3 sample; (f) High-resolution TEM (HR-TEM) of the Fe-N@C-NHj3 sample.

STEM images also confirmed the presence of atomically dispersed Fe
atoms in the form of brighter spots with higher Z number (Fig. 3b-3c and
3f-3 g). The presence of N and Fe was additionally confirmed by Electron
Energy Loss Spectroscopy (EELS) and the specific identification of the
Fe-K and N-K absorption edges, thereby suggesting the coordinated
structure of Fe and N in both samples (Fig. 3d and 3 h). Based in the
microwave plasma atomic emission spectroscopy (MP-AES) analysis, the
Fe content was 0.11 wt% and 0.15 wt% for Fe-N@C and Fe-N@C-NH3,
respectively (Table S1).

To tune the chemical state of doped nitrogen and increase the sta-
bility of the catalysts [54,58], the Fe-N@C and Fe-N@C-NHj3 samples
were further subjected to an activation post-treatment to give the final
catalysts Fe-N@C (2HT) and Fe-N@C-NHg (2HT). TEM and HAADF-
STEM-EDX advanced characterization confirmed that both samples
kept the same morphology and the presence of a homogeneous distri-
bution of Fe. STEM images also corroborated the absence of Fe-based
clusters, NPs or bigger aggregates (Fig. S2c-S2d and S3c-S3d). The
content of Fe analysed by ICP revealed that the amount of Fe in the final
catalysts remained as 0.10 wt% (Table S1). No Fe loss was detected after
the acid leaching process. This Fe loading was significantly smaller than
the values usually reported for Fe/N/C, typically around 2.5-0.6 wt%
[16]. Such a low value suggests the formation of atomically dispersed Fe
sites, without the formation of non-desired secondary iron phases such
as nanoparticles of metallic iron, iron carbides/nitrides and or iron ox-
ides, usually found in Fe/N/C catalysts obtained from thermal treat-
ments of Fe, N and C precursors.

To further study the bulk structural features of all samples, X-ray
diffraction (XRD) and Raman spectroscopy analysis were carried out.
XRD patterns of all samples showed a broad peak around 260 = 25°
indexed to the (002) plane and a small peak at 44° corresponding to
(100) plane of graphitic carbon (Fig. S4a) [56,59]. The intensity of the
peaks became stronger with the activation processes, indicating that

upon heating at 900 °C the graphitic nature of the catalysts increased
[60,61]. No additional peaks could be detected in the pattern, even in
the initial samples, demonstrating that crystalline Fe-based inorganic
nanoparticles were not formed during the laser pyrolysis process. Raman
spectra displayed two broad peaks at about 1347 and 1579 cm ™!, which
can be assigned to the D band and G band, respectively (see Fig. S4b). D
band is related to the breaking of symmetry caused by structural dis-
orders and defects, whereas the G band represents the in-plane
tangential stretching vibration mode (Ezg) of the graphite sheet
[62,63]. The position of both peaks was analogous for all the samples.
The ratio D and G band intensities (Ip/Ig) slightly decreased from 1.02,
1.00, 0.99 to 0.98 for Fe-N@C, Fe-N@C-NH3, Fe-N@C(2HT), and Fe-
N@C-NH3(2HT), respectively. The decrease in the Ip/Ig ratios suggests
that the carbon structure becomes more ordered and graphitic [64,65].
Nevertheless, the differences in the ratios were not conclusive enough to
establish clear differences among the samples by this spectroscopic
technique.

The surface properties of the prepared samples were determined by
nitrogen isotherms, as shown in Figure S5 all the samples revealed type
IV isotherms characteristic for microporous and mesoporous materials
[66]. The Brunauer-Emmett-Teller (BET) surface areas of Fe-N@C, Fe-
N@C-NH3, Fe-N@C(2HT) and Fe-N@C-NH3(2HT) were determined to
be 79, 20, 201 and 298 ng_l, respectively. Table S2 summarized the
BET surface area, pore volume and average pore diameter of all the
prepared samples. Fe-N@C (79 m?g ™) shows higher surface area than
Fe-N@C-NH3 (20 ng’l), and the surface areas increase further after
the activation process, being 201 ng*1 for Fe-N@C(2HT) and 298
m?g~! for Fe-N@C-NH3(2HT). A similar trend was observed for the
total volume (see Table S2), suggesting that during the activation pro-
cess carbon/nitrogen-containing gaseous species could be formed and
further be eliminated under vacuum. The small contribution of micro-
pores (Table S2) could be attributed to a major presence of carbon
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Fig. 3. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDS) analysis of single
iron-site catalyst supported on carbon matrixes: (a) STEM-EDX mapping of C, N, and Fe on Fe-N@C; (b-c) HAADF-STEM images of the Fe-N@C sample with the
presence of Fe SAs highlighted by yellow circles; (d) EELS spectroscopy corresponding to the N-K and Fe-K edges in the Fe-N@C sample; (e) STEM-EDX mapping of C,
N, and Fe on Fe-N@C-NHj3; (f-g) HAADF-STEM images of the Fe-N@C-NHj3 sample with the presence of Fe SAs highlighted by yellow circles; (h) EELS spectroscopy
corresponding to the N-K and Fe-K edges in the Fe-N@C-NH3 sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 4. X-ray photoemission spectra corresponding to the N1s core-level region for samples (a) Fe-N@C, (b) Fe-N@C-NH3, (c) Fe-N@C (2HT) and (d) Fe-N@C-

NH; (2HT).

framework defects [67]. Therefore, the higher surface area and pore
volume of Fe-N@C-NH3(2HT), the more effective exposure of active
sites and the lower transport resistance of reactants to the active sites,
leading to improve ORR activity.

The surface composition of the prepared catalysts was investigated
by X-ray photoelectron spectroscopy (XPS). XP survey scans revealed the
presence of XP peaks corresponding to the Cls, N1s and O1s regions and
no clear contributions in the Fe regions (Figure S6). Table S1 shows the
atomic composition obtained from XPS for all samples, including the Fe
content, which was determined by MP-AES. The main differences be-
tween samples was associated to the N contents. Among the as prepared
samples, the N content increased from 3.1 wt% (Fe-N@C) to 18.3 wt%
(Fe-N@C-NHj3), when an extra NH3 flow was co-fed during the synthesis
Comparing the nitrogen content of the initial samples (Fe-N@C and Fe-
N@C-NH3) with the corresponding to the final catalysts (Fe-N@C(2HT)
and Fe-N@C-NH3(2HT)) it decreased three times after the activation
process.

The introduction of the extra NH3 ambient could generate C/N-
containing gaseous species [38,68], which finally could be evacuated
by the vacuum line. The fitting analysis of the N species by XPS (Fig. 4)
revealed the coexistence of N-pyridinic (=~ 398.5 eV), N-pyrrolic (=~
399.9 eV), N-graphitic (= 401.6 eV), and some minor contributions
associated to N-oxygenated moieties (= 402.7-403.4 eV) [44,69,70].
The peak at 398.5 eV may partly contribute to Fe-N owing to the similar
binding energies between N-pyridinic and N-Fe [71]. The relative per-
centage of the different nitrogen species for N1s and the fitting param-
eters are summarized in Table S3. The relative amount of nitrogen
bonding configurations changed significantly after the activation pro-
cess. As shown in Fig. 4 and Table S3, Fe-N@C(2HT) and Fe-N@C-
NH3(2HT) contained much higher N-graphitic content than the initial

catalysts (Fe-N@C and Fe-N@C-NHj3), in agreement with the trends
displayed by Raman spectroscopy (Fig. S4b). This should be also closely
related to the increment of graphitization degree caused by the post
treatment at 900 °C. After the thermal activation both N-pyridinic and
N-pyrrolic were prone to conversion towards the more thermodynami-
cally stable N-graphitic state [72]. The increase in the N-graphitic
fraction may contribute to enhance electrical conductivity of Fe-N@C-
NH3(2HT) and render more activity in ORR [73].

The XP spectra of the C1s region (see Figure S7) detected sp? and sp°
C at around 284.6 eV, and minor contributions at around 285.9 eV and
287.7 eV ascribed to different bonding of carbon with nitrogen or oxy-
gen in all samples [44,70,74]. The relative percentage of the different
carbon species for Cls are summarized in Table S4. As expected, the
increasing intercalation of N atoms induced a major presence of peaks at
285.5 eV (C-N) (Figure S7 and Table S4). The enhanced graphitization
degree of the initial catalysts after activation process (Fe-N@C(2HT)
and Fe-N@C-NH3(2HT)) was corroborated by the increased (m-n*)
graphitic shake-up satellite contribution (Table S4). The heat treatment
at 900 °C during the activation process in the presence of Fe, certainly
suggests a better graphitization along with the increase in sp2 hybridi-
zation that could be responsible for a better electrical conductivity
[60,75].

X-ray absorption near-edge (XANES) and fine structure (EXAFS)
measurements unarguably confirmed the individual nature of the Fe
sites and ruled out the presence of Fe-Fe bonding species (see Fig. 5,
Figure S8 and Table S5). We measured the room temperature spectra in
several 0.1 wt% Fe content samples, namely Fe-N@C, Fe-N@C-NH3 and
Fe-N@C-NH;3 (2HT). We also measured Fe-phthalocyanine (FePc) and
a-Fe foil as references. The XANES spectra of three samples and two
references are shown in the left panel of Fig. 5. The signal obtained from
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Fig. 5. X-ray absorption near edge (XANES), left panel, and fine structure (EXAFS), right panel, of metallic a-Fe foil, Fe-N@C-NH3, Fe-N@C, Fe-N@C-NH;3(2HT) and
Fe-phthalocyanine (FePc) with the corresponding theoretical fittings matching the samples FT.

the metallic a-Fe foil (bcc structure) shows a well-known peak series
(labelled A, B, D, E, and F in the Fig. 5). The characteristic first Fe ab-
sorption structure (A) and a contribution coincident in energy with B,
which are present in every sample, did not allow discriminating (even
qualitatively) on either the presence or absence of metallic Fe on the
samples. However, D, E and F were fully absent in FePc and Fe-N/C
samples. Note that the peak D in a-Fe coincided with a minimum in
FePc, which also appeared on the Fe-N/C samples spectra. Inversely, the
C peak in FePc, which was present in the three Fe-N@C spectra, coin-
cided with a minimum in a-Fe. Therefore, a fingerprint analysis of the
XANES spectra showed that the local structure and the nature of the
nearest neighbors around Fe in all the Fe-N/C samples was much closer
to FePc than a-Fe, ruling out a significant presence of metallic Fe clusters
in our samples.

The same qualitative result was obtained by inspection of the EXAFS
results, shown in the right panel of Fig. 5. The main peak appearing in
metallic iron EXAFS, which corresponds to the shortest eight-fold Fe-Fe
~ 2.4 A distance, was essentially absent in the signal from the Fe-N/C
samples (Fig. 5, right panel). Moreover, the comparison between the
FePc reference and all the Fe-N/C samples showed very similar features.
Indeed, Fe-N@C and Fe-N@C-NH3 (2HT) spectra particularly resem-
bled the FePc reference, with a main peak attributed to four-fold Fe-
N~1.9 A. Fe-N@C-NHj revealed a more complex distance distribution
around the Fe absorber, though no one of the observed contributions
could be undoubtedly assigned to metallic-like Fe-Fe nearest neighbors
(Fig. 5).

We further analyzed the EXAFS spectra to retrieve quantitative re-
sults by fitting the data to different structural models, namely FeN4C;5
and FeN4Cpo as described in [76]. These models correspond to two
slightly different ways to accommodate the FeNy unit into the graphitic
environment (see the schemes in Fig. 5 and Figure S8). These models
were used to generate the initial scattering paths to fit the EXAFS data.
An adjustable fraction of metallic Fe was always allowed in the fitting
process (Table S5). As shown in Fig. 5, Fe-N@C was nicely fitted to the
FeN4Ci2 model (Figure S8), which essentially holds a phthalocyanine-
like structure with the outer 4 nitrogen atoms substituted by carbon.
The fraction of metallic Fe included by the ARTEMIS software [51] in

these fits was always below 0.1 wt%, with the uncertainty bar fully
compatible with zero, thereby ruling out the presence of Fe aggregates in
the samples.

Fe-N@C-NH3 and Fe-N@C-NH3(2HT) matched best with a FeN4Cyq
model (Figure S8 and Table S5), which introduced the FeN4 square
heme-like group within a graphene layer by removing six carbon atoms.
This model has 4 nearer- and 4 further away carbon atoms, facilitating
the fit of the multiple peak structure of Fe-N@C-NH3 with essentially
no-metallic Fe contribution. Indeed, the fits including Fe scattering
paths reached unphysical results. In any case, the fits suggested the
relaxation of the ideal graphene structure around the FeN4 centers in
both samples. It is also noteworthy that the samples prepared with NHg
better fitted with the FeN4C;o, suggesting that NHs and heat treatment
helps the SAC centers to be inserted into the graphitic structure. The
detailed structural results of the EXAFS fits are tabulated and displayed
in the Supplementary Materials (Table S5 and Figure S8).

3.3. Evaluation of the oxygen reduction reaction activity

The blank voltammograms recorded in Ar-saturated electrolytes for
the activated samples displayed a quasi-rectangle shape, typical of
carbonaceous materials (Figure S9). Fig. 6a-6b showed the ORR polar-
ization curves (background corrected) and the pure kinetic currents
obtained for the samples activated after one or two thermal treatments
(Fe-N@C-NH3 (1HT) and Fe-N@C-NH3 (2HT)) in acid and alkaline
electrolytes, respectively. The polarization curve in alkaline showed a
sharp transition between the kinetic and the mass-transport controlled
region, actually reaching a plateau current at potentials less positive
than 0.6 V. In contrast, in acid electrolyte, a constant declining of the
ORR current with the potential was observed, especially with the cata-
lyst subjected to one thermal treatment, Fe-N@C-NH3 (1HT). This
observation, along with the fact that the ORR failed to reach the theo-
retical limiting current (ca. 6 mA-cm ™2 at 1600 rpm in acid electrolyte)
suggests either a small number of active sites and/or the limited
accessibility of O to them, especially in Fe-N@C-NHg (1HT). The effect
of pH on the ORR activity has been reported for Pt/C and Fe/N/C cat-
alysts [77]. Whereas FeN,C, ensembles are the most active ones for the
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ORR in acid electrolyte, other sites, including Fe-free N,C, entities and
defective carbon layers also display ORR activity in alkaline conditions
[34,78,79].

Fe-N@C-NH3 (1HT) sample showed ORR activity (see Table 1) in
both electrolytes, with mass-specific currents (i,) at 0.8 V of 0.41 and
4.9 Ag'cét in acid and alkaline electrolyte, respectively. Eqpset Values (see
Table 1) of 0.85 and 0.90 V in acid and alkaline electrolytes, were ob-
tained. After acid leaching and the second thermal treatment (Fe-N@C-
NH3 (2HT)), mass-specific activities of 0.85 and 5.9 Ag'clat in acid and
alkaline electrolytes, respectively, were recorded at 0.8 V. Moreover,
Eonset Values shifted to more positive potentials of 0.9 and 1.0 V. The
benefits of the second thermal treatment of Fe/N/C catalysts for the ORR
have been reported previously [79]. Although the ORR activity in
alkaline of Fe-N@C-NH3(2HT) compares well with the literature, (see
Table S6), it is still far from that of state-of-the-art Fe/N/C catalyst in
acidic conditions (Table S7), especially when compared with recent
catalysts based on 2-methyl imidazole or ZIF-8 precursors subjected to
several thermal treatments and/or chemical vapor deposition processes
[54]. A possible effect of the second thermal treatment would be the
development of higher specific surface areas. In fact, we observed the
BET areas increased from 201 to 298 m?g ™! after the second thermal

Table 1
Kinetic, mass activity and onset potentials for the ORR with selected catalysts
under study in HCIO4 0.1 M and KOH 0.1 M.

ji (mA-cm™2)
@0.8V

im (A-g Tafel Eonset (V) @ E1/2
lea) @ slope -0.1 W)
0.8V (Vdec’l) mAcm 2

Fe-N@C- 0.25 0.41 0.34 0.85 0.65
NH,(1HT)
0.1 M
HCIO,)

Fe-N@C- 0.51 0.85 0.30 0.90 0.62
NH3(2HT)
0.1M
HCIO,)

Fe-N@C- 1.88 0.16 0.37 0.90 0.82
NH3(1HT)
0.1M
KOH)

Fe-N@C- 3.52 1.19 0.11 1.01 0.83
NH3(2HT)
0.1M
KOH)

treatment (Table S2). This feature translated into higher electrochemical
surface areas (ECSA) values. We obtained ECSA of 410 and 440 rnzg'clat
for Fe-N@C-NH3 (1HT) and Fe-N@C-NH3 (2HT), respectively, which
represented an increase of ca. 10 % after the second thermal treatment.
This feature, can explain the higher ORR activity of the sample subjected
to two thermal treatments.

The production of Hy0, i.e., the reaction pathway (4-electron vs 2-
electron) was studied with a RRDE. Fig. 6¢ shows the evolution of the
fraction of HyO, formed with Fe-N@C-NH3(2HT) in 0.1 M HCIO4 and
0.1 M KOH. Clearly, the production of Hp0y (i.e., the 4-electron
pathway) in alkaline electrolyte trebles the production in acidic one.
This feature is typical of carbonaceous catalysts subjected to thermal
treatments [80] since at high pHs active sites other than FeN,C, can play
a part in the ORR. For example, quinone groups and N-doped carbon
groups displayed ORR activity but via 2 electrons and not directly pro-
ducing water [81-83].

The durability of the catalysts was also evaluated by applying the
accelerated stress tests (AST) described in the Supplementary Materials.
Fig. 7 shows the ORR polarization curves recorded before the AST after
5000 and 10,000 cycles in Ar-saturated 0.1 M HClO4 and 0.1 M KOH. It
is worth pointing out that HCIO4 is a much more aggressive medium
than KOH. In acidic electrolyte, Fig. 7a, a clear deactivation was
observed after 5000 cycles with the jr at 0.8 V decreasing from —0.59 to
—0.28 mA-cm ™2, and the limiting current dropping from —3.22 to —2.0
mA-cm 2. Noticeably, the activity remained stable when the catalyst
was subjected to another 5000 cycles. Besides, the onset potential did
not change over the test. Similarly, in alkaline electrolyte (Fig. 7b) the
most significant loss of activity occurred within the first 5000 cycles
although the reduction was less severe than in acidic electrolyte. The
Eonset was barely shifted (Egpset = 1 V), while a 27 % decrease in current
density was observed at 0.8 V. Likewise, the limiting currents decreased
after 10,000 cycles, in both the acidic and alkaline electrolytes, indi-
cating the partial loss of active sites during the ORR. Post-mortem
analysis of the catalysts recovered indicated a complex chemical envi-
ronment with the presence of multiple ionic species and also revealed
partial corrosion and clustering of Fe species (Figure S11).

As stated above, the ORR activity in alkaline electrolyte compared
well with the literature (Table S6). However, ORR acid activity in acid
electrolyte remained somehow low (Table S7). This feature can be due to
the low Fe loading in the catalysts of ca. 0.1 wt%, (vide supra), probably
resulting in a small fraction of surface iron sites. In order to confirm this
feature, the number of accessible Fe sites (site density SDpass) Was
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estimated by the electrochemical stripping of NO [47]. To estimate the
number of active sites several assumptions were considered: i) one
adsorbed NO is reduced per site and ii) NO stripping occurred via a
three-electron reduction to produce hydroxylamine, i.e., we used ann =
3 in Equation S8) [37].

SDpnass Values of 1.36-10"° and 1.22-10"° sites~g’1 were obtained for
Fe-N@C-NH3(1HT) and Fe-N@C-NH3(2HT). Note that these values
corresponded to Fe loadings of 0.12 and 0.11 wt%, in good agreement
with the Fe loading obtained from ICP (vide supra). As observed, the
second thermal treatment did not entail an increase of the site density.
These values were ca. one order of magnitude lower than SDp,,ss Values
reported recently for the most active FeN,C, catalysts in the literature
(1-10% sites~g’1) [37]. However, the SDp,ss values obtained for Fe-
N@C-NH;3 (1HT) and Fe-N@C-NHg3 (2HT) compare well with the values
reported for similar Fe/N/C catalysts with higher Fe loadings [16]. It is
worth to note that previous studies assumed a five-electron process (n =
5 in Equation S8) for the calculation of SDp,,g, in which case we ob-
tained SDpass Values of 8.16-10'® and 7.32-10'8 sites~g’1 for Fe-N@C-
NH; (1HT) and Fe-N@C-NH3 (2HT), respectively. These values
compare well with SDp,,5s values reported for high-performance ORR
catalysts, e.g. 8.6-10'8 sites-g™! for a polymerized di-amino naphtha-
lene-based catalysts from Imperial College London (ICL), being greater
than SDpass reported for two catalysts synthesized via hard templating
with fumed silica, one from the University of New Mexico (6.3-10'8
sites- g’l) and another one from Pajarito Powder Inc. (2.5-10'8 sites~g’1)
[16].

The turnover frequency (TOF) was calculated from Equation (1) (vide
infra) by taking into account the difference in the mass kinetic current
(im) between the unpoisoned and poisoned catalyst at a certain potential
(0.8 V vs. RHE in this work), see Figure S12. The Tafel plots and ip,
values are shown in Figure S13.

(€Y

iass |A-g~1]-N [Atom-mol
TOF (electron-site '-s ') = imass A+ ']-Na [Atom-mo 71]
SDpmass [sites-g~1]-F[A-s-mol |

The TOF values calculated at 0.8 V in the same electrolyte than the
one used for the determination of the SD,,5s for Fe-N@C-NH3(1HT) and
Fe-N@C-NH3(2HT) are 0.41 and 0.87 electrons-site'l-s’l, respectively.
These TOFs were calculated assuming a 5-electron transfer in Eq. S8, in
order to compare with reported values. These values are within the
range of TOF values reported previously under analogous conditions
[47]. In fact, they are higher than the TOF estimated for the ZIF-derived
catalyst from CNRS/University of Montpellier (0.65 electrons-site*-s™1)
and similar to the polymerized di-amino naphthalene-based catalyst
from ICL (0.96 electron-site s~ at 0.8 V). The values, however, are still
far from the highest TOF recently reported in the literature of 2.75
electrons-site'-s~! (at 0.9 V) for a single atom iron sites (FeNy4)
embedded in carbon Fe/N/C catalyst synthesized from ZIF-8 and Fe,03,

using thermal treatments and chemical vapor deposition (CVD) steps
[36].

4. Conclusions

This study proved that a robust approach to synthesize Fe-N/C single
atom catalysts can be obtained by laser-driven pyrolysis of a solution
containing iron phthalocyanine and pyridine. Fe single atoms were ho-
mogeneously distributed on the N-C matrix without giving rise to un-
wanted Fe species or aggregates. Advanced microscopy and especially
XANES and EXAFS analyses confirmed the isolated nature of the Fe
atoms and the resemblance to the Fe-phthalocyanine molecular envi-
ronment. The catalysts obtained by this synthesis procedure consistently
led to Fe contents around 0.1-0.15 wt% in agreement with the site
density estimated from electrochemical stripping of NO (1.3-10%°
sites-g 1) and confirming that all the active sites are accessible. Much
higher ORR activity and HyO, production were observed in alkaline
media than with acidic electrolytes due to the involvement of other
active sites apart from the FeN,C, in alkaline electrolyte. The catalysts
showed good stability, especially in acid electrolyte. The catalysts yiel-
ded TOF values (0.87 electrons~site'1~s’1) within the range commonly
reported for other Fe-N/C catalysts. In conclusion, the versatility of this
laser technique and the potential tuning of the feeding precursors paves
the way for a controlled and systematic generation of different types of
SACs that can help to understand the correlation between structure and
electrocatalytic response of these materials.
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