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Iron—nitrogen—carbons (Fe—N,—Cs) emerged as highly efficient single-atom electrocatalysts (ECs) for the
nitrate reduction reaction (NOsRR), yet the structural evolution of their active sites during pyrolysis remains
a critical area of investigation. In this work, we systematically investigate the thermal stability and
transformation of Fe—N, active sites derived from iron(i)-phthalocyanine (FePc) supported over conductive
carbon black (Ketjen Black ec-600JD) during pyrolysis from room temperature (RT) to 600 °C. The
primary objective is to evaluate how the pyrolysis temperature, from RT to 600 °C in N,/H, atmosphere,
dictates the evolution of these sites and correlates with the electrochemical performance toward NOzRR
in neutral pH electrolytes. Utilizing a combination of advanced spectroscopic and microscopic techniques
(XAS, XPS, BF-STEM, XRD and Raman), we tracked the transition of iron species from molecular precursors
to integrated active phases. While BF-STEM and XAS detect the formation of sub-nanometric clusters and
metallic nanoparticles at 500-600 °C, the faradaic efficiency (FE) for ammonia remains consistently above
75% at —0.8 V vs. RHE. However, the best electrocatalytic activity was observed for the EC pyrolyzed at
300 °C. Principal Component Analysis (PCA) and quantum chemical simulations were used to unravel the

complex correlations between the structural evolution of the iron sites and the electrochemical
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Accepted 28th July 2026 performance. The results identify the Fe—Nsz configuration as the primary active site responsible for

maintaining a high FE for NH,* at high overpotentials, successfully outcompeting the concurrent
DOI: 10.1038/d6ta04062d hydrogen evolution reaction (HER). This study provides fundamental insights into the structure—activity

rsc.li/materials-a relationships of single-atom Fe—N,—C ECs derived from FePc for the NOzRR.

energy consumer and accounts for approximately 1.2% of
anthropogenic carbon dioxide (CO,) emissions.” The electro-

1. Introduction

Ammonia (NH;) has a global production exceeding 176 million
metric tonnes' and it stands as the world's second most produced
chemical. While approximately 80% of NH; serves as a precursor
for fertilizer,” specifically urea (CH4N,O), being the most used
nitrogen-based fertilizer worldwide,> ammonia remains essential
for various industries, including plastics, pharmaceuticals, refrig-
eration, and explosives.* However, the conventional Haber-Bosch
process, responsible for over 96% of global production, is a major
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chemical nitrogen reduction reaction (NRR) has emerged as
a promising sustainable alternative.® However, its development is
hindered by the high dissociation energy of the N=N bond (941 k]
mol ') and the poor mass transport of N, due to its limited
solubility in aqueous electrolytes (0.71 mmol L),

In contrast, the nitrate anion (NO; ) has been recognized as
a more attractive N-source thanks to the lower dissociation energy
of N=0 (204 kJ mol™") and higher solubility (10.4 mol L") in
water.* NO; ™~ sources primarily originate from industrial and agri-
cultural wastewater, with concentrations reaching up to 2 M (124 ¢
L™").° Therefore, the fundamental motivation for the electro-
chemical nitrate reduction reaction (NO;RR) to utilize NO; ™~ derived
from wastewater while simultaneously synthesizing NH; sustain-
ably. In principle, if this process is powered by renewable energy, it
can potentially become a sustainable and low-carbon process.

The electrochemical conversion of NO;~ to NH; involves an
eight-electron transfer mechanism, multiple reaction interme-
diates and by-products such as N oxides, N, and NO, .*
Furthermore, NO3;RR is generally conducted at a potential
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overlapping with the competitive hydrogen evolution reaction
(HER), reducing the faradaic efficiency (FE) of ammonia
production.

Consequently, developing efficient platinum group metal-
free (PGM-free) materials is crucial for improving both the
activity and selectivity towards the desired product. Current
research prioritizes ECs with minimized metal content to
ensure industrial scalability and environmental safety.™

In this context, carbon-based materials with atomically
dispersed transition metals (TMs) of the type TM-N,~C, maxi-
mize metal utilization efficiency while providing high electro-
catalytic activity and selectivity through fully exposed active
sites.”"* Originally pioneered for the oxygen reduction reaction
(ORR),**** these materials were subsequently adapted for the
carbon dioxide reduction (CO,RR),'*'” and have recently gained
attention for the NO3;RR"®

While boron, fluorine, and phosphorus have also been
explored as potential candidates, nitrogen is the preferred
heteroatom due to its high electrical conductivity” and an
electronegativity/atomic size comparable to carbon, which
facilitates the formation of stable configurations within the
carbon lattice.*

These nitrogen configurations are typically categorized into
pyridinic-N, pyrrolic-N, graphitic-N, and pyridinic-N-oxide.
While pyridinic and pyrrolic N-moieties are typically involved in
coordinating the metal center, the graphitic nitrogen distrib-
uted within the carbon lattice acts as a promoter for NO;~
adsorption by inducing an asymmetric charge distribution on
the carbon scaffold.*

In a systematic screening of 14 different M-N,~C electro-
catalysts (ECs) across the 3d, 4d, 5d, and f-block elements,
Murphy et al.*® identified Fe-N,—C as one of the most promising
candidates for the NO;RR.

Beyond its superior intrinsic activity, iron is earth-abundant,
low-cost, and environmentally benign.*> Wu et al.® reported the
first case of NO3;RR using Fe-N,-C, achieving a yield rate of 20
mg h™! mg., * and a FE of approximately 75%. Subsequently,
other strategies emerged: single-atom Fe sites embedded in g-
C3N, achieved a FE of 77.3% even at low NO;~ concentration (50
ppm),*® while Li et al>* demonstrated a polymer-hydrogel
strategy to produce N-coordinated Fe sites that reached
a maximum NHj yield rate of 2.75 mgyy, h™" em ™2 with nearly
100% FE.

Fe-N,-C ECs are widely studied for ORR to substitute plat-
inum-based ECs, and these ECs are quite active, especially in
alkaline electrolytes.?® There are different ways of synthesizing
single-atom Fe-N,~C ECs as reported in a recent review.>® The
first one is based on mixing nitrogen-rich organic precursor
with iron salt, pyrolyzing them at controlled temperature and
atmosphere and then doing an acid washing to remove the
metallic nanoparticles.””*° Eventually, hard ** or soft %%’
templating is used for creating a hierarchically carbon structure
that supports the Fe-N,-C active sites. This method uses
a thermal treatment that takes place in a controlled atmosphere
without any involvement of oxygen, which is considered the
only reliable methodology to induce favorable and robust active
sites in Fe-N,-C with atomic-level homogeneity.*® The second
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method is based on the fabrication of covalent organic frame-
works (COFs) that are built and then subjected to pyrolysis to
enhance the electrical conductivity of the support while leaving
the active sites of the type Fe-N,—C on the surface.>*** The third
method relies on the fabrication of metal organic frameworks
(MOFs) that are constituted by metallic nodes coordinated with
metallic ligands.”” Also in this case, the pyrolytic process
converts the organics into conductive carbon, leaving the metal
atomically dispersed in the desired form.** The fourth method
relies on the usage of molecular ECs and particularly metal-
containing azamacrocycles (Fe-N,-C) such as phthalocyanine,
porphyrins, etc. that are mixed with conductive carbon matrices
and then subjected to pyrolysis to integrate them to the
conductive substrate.***’

In this work, we systematically investigated the structural
transformation of Fe-N,-C EC derived from the heat treatment
of iron(u)-phthalocyanine (FePc) supported on conductive
carbon black. The heat treatment occurred across various
controlled temperatures ranging from RT to 600 °C, with a 100 ©
C step, in a slightly reducing atmosphere of N,/H,.

Advanced spectroscopic and microscopic techniques such as
X-ray absorption spectroscopy (XAS), X-ray photoelectron spec-
troscopy (XPS), scanning transmission electron microscopy
(STEM), X-ray diffraction (XRD) and Raman spectroscopy were
used to characterize the evolution of active site structure,
including surface chemistry and morphology of the synthesized
ECs. The progression of the iron species from their molecular
origin to the formation of nanoparticles was evaluated across
the range of pyrolysis temperature. The structure-property
relationship throughout the pyrolysis process was elucidated
and supported by computational work (density functional
theory, DFT), identifying the critical temperature thresholds
that maximize NO;RR activity.

2. Experimental

2.1. Synthesis

The different ECs were prepared by blending of 20 wt% FePc
with 80 wt% of commercial carbon black (Ketjenblack EC-
600]D, K]JB) using high-energy ball milling for 1 h at a rotation
speed of 400 rpm. The resulting homogeneous mixture, which
was labeled as RT (room temperature), was then poured into
a cleaned alumina boat and transferred to a quartz tube with an
atmosphere-controlled flange system, integrated into a hori-
zontal tube furnace.

Before initiating pyrolysis, the quartz tube underwent a gas
purge with N,/H, gas (95 vol% nitrogen balanced with 5 vol%
hydrogen) for at least 30 min to eliminate air from the system.
Subsequently, the samples underwent pyrolysis at specified
temperatures (100, 200, 300, 400, 500 and 600 °C) for 1 h, with
heating and cooling ramp rates maintained at 600 °C h™".

The samples obtained were named according to their
pyrolysis temperatures using the format “Fe_temperature”. For
example, the sample with a pyrolysis temperature of 600 °C was
labelled “Fe_600”. The sample not pyrolyzed was labelled as
Fe_RT.

This journal is © The Royal Society of Chemistry 2026
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2.2. Characterizations

XRD analysis was carried out using a Rigaku Miniflex 600
diffractometer equipped with a copper anode (operated at 40 kv
and 15 mA). Diffraction patterns were collected within the 26
range of 10° to 80°, employing a scan step of 0.01° and a scan-
ning speed of 5.0° per minute. Phase identification was con-
ducted by matching the experimental patterns with standard
reference data from the ICDD database, using the PDXL-2
software suite. The carbon structures were studied through
micro-Raman (Jasco Ventuno System) spectroscopy installed
with a He-Ne laser (1 = 632.8 nm). The system was working at 6
kW cm > power density while the signals were recorded with
a Peltier-cooled charge-coupled device camera (kept at —50 °C).
Before collecting the main Raman spectra on the Fe-N,-C,
calibration was carried out on a standard silicon single crystal,
demonstrating a characteristic peak at 520.65 cm™'. Scanning
transmission electron microscopy (STEM) and energy-disper-
sive X-ray spectroscopy (EDX) analyses were carried out using
a Thermo Fisher Talos F200X G2 microscope operating at an
accelerating voltage of 200 kV. The EDX maps were taken with
a Super X spectrometer equipped with four 30 mm? silicon drift
detectors with a collection angle of 0.7 srad. Data processing
and arrangement have been performed with the Thermofisher
proprietary software VELOX.

Samples consisting of pellets of pure powders were probed
using XAS at the SAMBA beamline, collecting Fe K-edge spectra
in transmission mode. Spectra were normalized to the incident
photon flux and calibrated in energy using a metallic Fe refer-
ence, fixing the first inflection point to 7112 eV. Data normali-
zation and linear combination fitting were carried out using the
software Fastosh.”® Pre-edge peak was analyzed using LARCH,
following a similar methodology discussed elsewhere,” using
a linear + Lorenzian background function and deconvoluting
the peak with Pseudo-Voigt functions: Fe**-N, (7113.2 eV), Fe*'-
N, (7114.4 eV) and 7118 eV for Fe-N, in tetragonal (D,p)
geometry, as indicated by Choi et al.>*

Finally, XPS analysis was executed in Ultra High Vacuum
(UHV, <107 '° mBar) using an Escalab Qxi (Thermofisher)
system equipped with monochromatic Al K, (1486.6 eV) X-ray
source and flood gun for standard charge neutralization. The
samples were placed over a stainless steel sample holder to
acquire the full survey and 4 different core levels, namely C 1s, O
1s, N 1s, and Fe 2p. The pass energy was set to 20 eV for C 1s, O
1s and N 1s, and to 30 eV for Fe 2p. The fittings were performed
using Kalibri KolXPD software constraining the fits over the
reference sample. The multiplet splitting of the Fe 2p core level
has been accounted using broader peaks and reconducting the
deconvolution to two main contributions with related satellites.

2.3. Preparation of the working electrode

The EC ink was prepared by dispersing 5 mg of EC powder in
a solution containing 670 pL of isopropanol (IPA), 300 uL of
Milli-Q water, and 30 pL of a 5 wt% Nafion solution. The
suspension was sonicated in an ultrasonic bath for 15 minutes,
followed by probe sonication for 1 hour using a pulsed mode (5
s on/5 s off) at 30% amplitude. For linear sweep voltammetry

This journal is © The Royal Society of Chemistry 2026
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(LSV) measurements, 19.6 pL of the EC ink was drop-cast onto
a glassy carbon disk of a rotating disk electrode (RDE) having
a geometric area of 0.1962 ¢cm?), resulting in an EC loading of
0.5 mg cm 2. For chronoamperometry (CA) experiments, a TGP-
H-60 carbon paper (thickness: 0.20 + 0.05 mm) was used as
received, without any pre-treatment. A volume of 100 puL of EC
ink was drop-cast on the carbon paper with a 1 cm?® geometric

working area for an EC loading of 0.5 mg cm™>.

2.4. Linear sweep voltammetry

To evaluate both the HER and NOz;RR activity, LSVs were per-
formed. All measurements were carried out using a Biologic
potentiostat in a single-compartment electrochemical cell
equipped with an RDE rotator. A RDE was employed as the
working electrode, with a graphite rod as the counter electrode
and a reversible hydrogen electrode (RHE) as the reference. HER
activity was measured in a 0.1 M phosphate buffer solution
(PBS) composed of 0.074 M KH,PO, and 0.026 M K,HPO,. For
NO;RR measurement, the electrolyte consisted of 0.1 M PBS
with an additional 0.16 M NO;~ (KNOj3). The pH of the elec-
trolyte was set to 6.3.

Before the electrochemical measurements, Ar gas was
purged into the cell for 30 min at 80 sccm and maintained at 20
sccm during the tests. Prior to LSV, cyclic voltammetry (CV) was
performed in the potential range from 0 V to —1 V vs. RHE, at
a scan rate of 50 mV s~ and a rotation speed of 1600 rpm, until
stable polarization curves were obtained. Subsequently, LSV
was conducted (0 Vto —1V, 20 mV s~ *, 1600 rpm). The reported
curves represent the average of these three measurements. Note
that the applied potentials for all electrochemical tests were iR
corrected.

2.5. Chronoamperometry

Electrochemical nitrate reduction measurements were carried
out in a two-compartment H-type cell, separated by an Aqui-
vion® E87-12 S proton exchange membrane (PEM) used as
received without pre-treatment. All measurements were con-
ducted using a Biologic potentiostat. A standard three-electrode
system was used with a reversible hydrogen electrode (Hydro-
Flex®) and a graphite rod as the reference and counter elec-
trode, respectively. The electrolyte used for all NO;RR
experiments is a 0.1 M PBS with an additional 0.16 M NO;~
(KNO;).

Both the working and counter chambers were filled with 40
mL of electrolyte. The pH of the electrolyte was set to 6.3 to
ensure that the produced ammonium (NH,') remains in its
protonated form and does not convert to gaseous NHj,
considering the pK, of NH," (pK,: 9.24). This condition allows
for accurate quantification of NH,' via ion chromatography
(IC). Chronoamperometric (CA) tests were performed for 1 hour
under constant magnetic stirring (200 rpm), at three different
applied potentials: —0.60 V, —0.80 V and —1.0 V vs. RHE. Before
the electrochemical measurements, Ar gas was purged into the
cell for 30 min at 80 sccm and maintained at 20 sccm during the
tests.

J. Mater. Chem. A
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2.6. Detection and determination of ammonium and nitrite
ions

After each electrolysis experiment, aliquots of the catholyte were
collected and analyzed for NH," and NO,~ concentrations by IC;
specifically, for the determination of ammonium, 1 mL of the
electrolyte was transferred into a vial and diluted to a final
volume of 10 mL (1:10 dilution).

For nitrite analysis, 200 pL of electrolyte was diluted to 10 mL
(1:50 dilution). Chromatographic separation was performed
using a Metrohm Eco IC Ion Chromatograph system (Metrohm
AG, Herisau, CH), equipped with a conductivity detector, a MSM
conductivity suppressor and a Metrohm 863 Compact Auto-
sampler. The IC was equipped with a Metrohm Metrosep A Supp
5 (4 mm x 250 mm) and a Metrosep A Supp 1 Guard/4.6 guard-
column for anion separation and with a Metrosep C 6 (4 mm x
250 mm) and a Metrosep C 6 S-guard/4.0 guard-column for
cation separation (Metrohm AG, Herisau, CH). For cation
analysis, the mobile phase was a 4 mmol L™" HNO; + 0.7 mmol
L~" oxalic acid aqueous solution, at a flow rate of 0.9 mL min ™",
at room temperature (25 °C). For anion analysis, the mobile
phase was a 3.2 mmol L' Na,CO; + 1.0 mmol L™ NaHCO;
aqueous solution, at a flow rate of 0.8 mL min~', at room
temperature (25 °C).

The injection volume was 10 pL. The eluent conductivity
background was suppressed by using a Metrohm MSM cation-
exchange membrane set in-line after the anionic column (no
suppression was used for cation detection). It was regenerated
with 100 mmol L™ " of sulfuric acid flowing countercurrently at

a flow rate of 1.5 mL min .

2.7. Calculation of the yield and faradaic efficiency

For the nitrate reduction reaction (NO3;RR), the yield rate of
ammonium (NH,") was calculated using eqn (2.1), while the
corresponding faradaic efficiency (FE) was determined using
eqn (2.2):

. CNH, x V
Yield rate NH,* = 2.1
ield rate 4 MM NH,” x xS (2.1)
Fx C NHy x V
FE NH," = 727 * ¢ X (2.2)

MM NH;' x Q

Similarly, for the partial reduction of nitrate to nitrite
(NO,"), the yield rate and faradaic efficiency were calculated
using eqn (2.3) and (2.4), respectively:

. _ C N027 x V
Yield rate NO,” = MM NO,” XX 5

(2.3)

nx FxC NO, xV
MM NO,™ x Q

FENO, = (2.4)
where, CNH," and CNO,~ are the mass concentrations (mg L")
of ammonium and nitrite, respectively; V is the volume of the
electrolyte in the cathodic compartment; ¢ is the duration of the
chronoamperometric experiment (1 h); S is the surface area of
the working electrode (1 cm?); n is the number of electrons
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transferred, for NO;™ to NO, ™ is equal to 2, whereas for NO;~ to
NH," is equal to 8; MM NH," and MM NO,~ are the molar
masses of ammonium (18.04 ¢ mol™ ") and nitrite (46.00 g
mol "), respectively; F is the Faraday's constant (96.485 C
mol ), and Q is the total charge passed during electrolysis,
calculated by integrating the current over time during chro-
noamperometry. Note that all error bars reported in this work
represent the standard deviation from triplicate measurements
performed using independently prepared electrodes.

2.8. Calculation of the electrochemical surface area

For the calculation of the electrochemical surface area (ECSA)
using eqn (2.5), several CVs were recorded within the potential
range of &+ 0.025 V vs. OCP at different scan rates, from 5 to
40mvs L

ECSA = Ca

C (2.5)

where Cyq is the double-layer capacitance calculated according
to eqn (2.6), and Cs is the specific capacitance, whose value is
0.04 mF cm™ 2.5

slope(upper) + slope(lower)
2

where slope (upper) and slope (lower) are the slopes of the plot
reporting the current recorded at the OCP vs. the scan rate; the
former slope refers to the positive current at the OCP, whereas
the latter refers to the negative current recorded at the OCP.

Cay =

(2.6)

2.9. Density functional theory approach

Spin-polarized density functional theory (DFT) calculations
were performed using the VASP package.””>* The Perdew-
Burke-Ernzerhof (PBE) parametrization was employed for the
exchange-correlation functional.®® Projector Augmented Wave
(PAW) pseudopotentials were used to describe core elec-
trons,**” and valence electrons were expanded with a plane
wave, using a kinetic energy cutoff of 400 eV. Dispersion forces
have been included by the Grimme's D3 scheme.*® Geometry
optimizations were performed by means of the conjugate
gradient algorithm, with convergence criteria of electronic and
ionic loops 107 eV and 107> eV A™", respectively. A2 x 2 x 1
Monkhorst-Pack k-point grid® was used to sample the recip-
rocal space. To better capture the electronic structure of Fe
centers and refine the electronic structure, single-point PBEO
(ref. 60) energy calculations were performed on PBE-optimized
geometries. This strategy is a reliable compromise to avoid
intense geometry optimizations with hybrid functionals,
retaining accuracy.®*

We started from the optimization of a graphene nanosheet
and we created a p(4 x 4) supercell, with lattice parameters a =
b =9.870 A, and y = 120°.%

We created a carbon divacancy and built two different
models: (i) a carbon divacancy and replaced with four atoms
with nitrogen species; (ii) a carbon vacancy replacing the three
undercoordinated carbon atoms with nitrogen atoms. The iron
single atom was hosted in the cavity, leading to the formation of

This journal is © The Royal Society of Chemistry 2026
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FeN,@Gr and FeN;@Gr systems. In all cases, the atomic coor-
dinates were fully relaxed. A vacuum layer of 15 A was added to
avoid spurious effects due to interaction between periodic
replicas of the system.

Adsorption Gibbs free energies were calculated using the
Computational Hydrogen Electrode (CHE) approach.®*** The
Gibbs free energy AG, of a given reaction intermediate x is ob-
tained by adding entropic AS, and zero-point energy AE,p. .
contributions to the calculated DFT reaction energy, AE,. Zero-
point energies (ZPE) were calculated within the harmonic
approximation by allowing the metal atoms and those of the
intermediates to vibrate. Entropy of solid-state species was
approximated from the vibrational partition function of the
adsorbed intermediates,* whereas that of gas-phase species
was taken from thermodynamic tables.

AG, = AE, — TAS, + AE,,

In Section S2 are reported the working quantities, the
cartesian coordinates and the structural parameters for the two
single-site systems.

3. Results and discussion

3.1. Research design

This study presents a methodical investigation into the thermal
stability and transformation of Fe-N, active sites derived from
FePc supported over carbon. The primary objective is to eval-
uate how the pyrolysis temperature, within a controlled range
from RT to 600 °C, dictates the evolution of these sites and how
these changes correlate with the electrochemical performance
toward the NO;RR in neutral pH.

To elucidate the evolutionary pathway of the Fe-moieties,
specifically focusing on the atomically dispersed sites and their
progressive structural evolution under thermal treatment, the
fine structure of the iron K-edge was investigated via ex situ XAS
at the SAMBA beamline. It was selected as the primary analytical
tool due to its element-specific nature, providing unique
insights into the electronic structure, local symmetry, and
coordination environment of iron, even when present in small
concentrations within a complex carbon matrix. The analysis
focuses on both the X-ray Absorption Near-Edge Structure
(XANES), which provides information on oxidation states and
local coordination geometry, specifically monitoring the
conversion from oxygen-adsorbed (FePc),O species to planar
Fe-N, configurations, and the Extended X-ray Absorption Fine
Structure (EXAFS), to quantify bonding characteristics and
interatomic distances, including Fe-N, Fe-O, and the potential
emergence of Fe-Fe bonds. These spectroscopic findings were
integrated with complementary ex situ characterization tech-
niques to obtain a comprehensive structural overview of the
developed ECs.

3.2. Overall electrocatalysts characterization

The bulk structural properties and phase evolution of the
synthesized samples were analysed via XRD and Raman

This journal is © The Royal Society of Chemistry 2026
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Spectroscopy. The X-ray diffraction patterns, collected within
the 26 range of 5° to 80° (Fig. S1a), primarily exhibit the char-
acteristic features of the carbonaceous support.

Two broad diffraction peaks at 26 position of ca. 25° and 44°
were indexed as (002) and (101) planes of carbon, respectively
indicating defective and amorphous C.%

In the Fe_RT sample, the main characteristic reflections of -
FePc phase remain clearly detectable, and this confirms that the
initial high-energy ball milling step physically blends the
components while preserving the molecular integrity and long-
range crystalline order of the precursor.

Upon pyrolysis, these molecular reflections disappear
completely, and no new diffraction peaks corresponding to Fe-
based crystalline species (such as metallic iron or iron oxides)
emerge, even at the highest investigated temperature of 600 °C.
This observation suggests a high degree of atomic dispersion
within the carbon matrix, hindering the formation of large-scale
clusters or crystalline aggregates. This is consistent with
Muhyuddin et al. findings;*” the lack of detectable oxide peaks
does not necessarily imply the absence of such phases but
rather indicates that any formed aggregates remain sub-nano-
metric in size or possess an amorphous structure that falls
below the detection limit of conventional XRD.

Raman spectroscopy was employed to further investigate the
carbonaceous framework of the synthesized ECs (Fig. S1b).
While this method typically provides limited data regarding the
iron-based active sites, the resulting spectra offer insights into
the structural characteristics and degree of order within the
carbon matrix. The spectra were comprised of characteristic ‘D’
and ‘G’ bands, located at 1330 cm™ " and 1590 cm ™', respec-
tively. The higher intensity of the D peaks in all ECs indicates
the greater density of the structural defects in the carbon
matrix. This observation is also consistent with the XRD
outcomes showing the dominance of the defective and amor-
phous phase of carbon. The intensity ratio of the D to G band
(In/Ig) can be used as an indicator for the estimation of defect
density and degree of graphitization. For all the ECs, Ip/I; came
out to be higher than unity, i.e., typically in the range of 1.48-
1.54, which further endorses the higher degree of graphitic
imperfections and disorders in carbon.

3.3. Morphological investigation

To provide direct evidence of the morphological evolution and
elemental distribution of the iron species across the pyrolysis
temperature range, BF-STEM coupled with EDX was performed
(Fig. 1). For the samples pyrolyzed between RT and 400 °C, the
BF-STEM images show a highly uniform distribution of iron,
with no evidence of crystalline aggregates or large
nanoparticles.

The corresponding EDX elemental maps for carbon, oxygen,
and iron reveal that iron is homogeneously spread throughout
the carbon matrix. The absence of detectable Fe clusters in
these samples suggests that the metal centers remain atomi-
cally dispersed. A structural transition is observed starting at
500 °C, where the first sub-nanometric clustersbecome detect-
able. This process culminates at 600 °C with the formation of

J. Mater. Chem. A
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(a)

(d)

50 nm

Fig.1 STEM bright-field images and EDX of (a) Fe_RT, (b) Fe_200, (c) Fe_300, (d) Fe_400, (e) Fe_500 and (f) Fe_600. The first column shows the
corresponding STEM bright-field images, whereas the second, third and fourth columns display the spatial distribution of carbon, oxygen and
iron. All images are acquired at 530 Kx magnifications.
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(a) — RT (b) — RT - a-le,04(x0.7)
— 200°C — 200°C ---- Fe(x0.25)
— 400°C — 400°C - TePe
— 500°C — 500°C

600°C 600°C
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Fig. 2 (a) Normalized Fe K-edge XANES (with inset showing a magnified view on the pre-edge peak region); (b) k*-weighted Fourier-Trans-
formed EXAFS spectra of the different ECs. References spectra are shown as dashed lines, with intensity adjusted by a multiplication factor to
improve visualization; FePc reference was retrived from XAFS DB portal .68

well-defined nanoparticles, visible as distinct dark contrasts in due to oxygen adsorption forming (FePc),0.°**® Feature B,
the BF-STEM images. EDX mapping of the Fe 600 sample around 7118 eV, relates to dipole-allowed 1s — 4s transitions,
confirms these aggregates as iron and oxygen-rich regions. typical of D4, FePc symmetry.*® The white line is further divided
into components C and D, which relate to 1s — 4p, and 1s —
4p,, transitions, respectively. Upon pyrolysis at 200 °C,
moderate rises of the B and D features are observed, confirming
the transition toward a planar Dy, symmetry due to oxygen
The fine structure of the iron K-edge was investigated via ex situ ~ desorption.®” In agreement with theoretical simulations,* the
XAS at the SAMBA beamline, focusing on both XANES and relatively higher D feature suggests the prevalence of Fe-Nj
EXAFS. Normalized XANES spectra are shown in Fig. 2a. moieties in this stage. As the temperature increases from 400 °C

The Fe_RT sample shows a typical FePc electronic structure, to 600 °C, feature B persists, whereas we observe a relative
with an XANES composed of 4 features of interest. A pre-edge increase in C and a gradual hindrance in D. From 500 °C, the
peak ~7114 eV is assigned to dipole-forbidden Fe 1s — 3d decrease in white line intensity and the rise in the pre-edge
transitions. Its energy position relates to a ~Fe’" oxidation state  region background suggest the formation of magnetite and/or
of the photoabsorbers,* while its intensity and broadening are metallic Fe nanoparticles. To quantify these structural trans-
expected for atomically dispersed Fe-N, sites. The observed formations, Linear Combination Fitting (LCF) was performed.
symmetry suggests a tetragonal pyramidal (C,,) geometry, likely ~The initial reference dataset included all the species that were

3.4. X-ray absorption spectroscopy through XANES and
EXAFS analysis
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Fig. 3 (a) Species concentration estimated via LCF. The FeN, comprend Fe—N,4 and FeNs references. (b) Average N coordination estimated from
the relative concentration of Fe—Ny4 (coordination 4), Fe—N3 (3) and (FePc),O (4). Errors are estimated as max variation between three fit
iterations.
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observe to form in previous works,*”* comprising several
metallic and oxide Fe standards, and atomically dispersed Fe—
N, samples with different N coordination numbers. The
dimensionality of the reference dataset was minimized via PCA
and individual components were validated using the target
transformation approach (details in Fig. S2-S5, Tables S1 and
S2). In agreement with previous results,” this statistical
approach confirmed the formation of three Fe-based metal/
oxide side products along the temperature series, together with
a modulation of the Fe-N, local coordination as a function of
the pyrolysis temperature.

Best fits (with 6 components) are shown in Fig. S5, while
fitting results are listed in Table S2 and schematized in Fig. 3.

The results confirm the higher concentration of pyramidal
(FePc),O in the RT sample, as well as a ~14% concentration of
hematite side product, which persists in the whole series of
samples. At 200 °C, O adsorption is limited and while (FePc),0
concentration halves, tetragonal Fe-N, and especially Fe-N;
concentration rises. At 400 °C, (FePc),O content further
decreases while magnetite appears (~12%) and becomes the
preponderant side-product between 500 °C and 600 °C. Simul-
taneously, metallic Fe emerges at 500-600 °C, accounting for
12% of the total iron content. The LCF analysis suggests

< < S— = |
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a gradual reduction of the Fe-N, coordination as the tempera-
ture increases (Table S2).

EXAFS analysis provides deeper insights into the local
coordination environment and the growth of iron-based nano-
particles. As shown in Fig. 2b, the EXAFS spectra of the RT
sample confirm the structure expected from atomically
dispersed Fe-N,-C **>7° with a relatively strong Fe-N scattering
peak ~1.5 A, and two extremely weak Fe-Fe (~2.1 A) and Fe-C
(2.6 A) peaks.

Another component is observed around 1.1 A, which can be
assigned to Fe-O bonds in (FePc),0,’*®” confirming the O
absorption and (FePc),O formation. Between 200 °C and 400 °C,
a decrease in the intensity of both Fe-N and Fe-O peaks is
observed, consistent with the conversion of (FePc),O into Fe-N,
moieties.

As side product formation increases between 500 and 600 °C,
we observe a further hindrance of the Fe-N intensity. In
particular, at 600 °C, we observe the appearance of the Fe-Fe
peak around 2.2 A, as can be expected for metallic nanoparticle
growth.

To better resolve the nature of the scattering atoms, Fig. 4
presents the wavelet-transformed Fe K-edge EXAFS spectra. This

two-dimensional analysis offers enhanced resolution by

Fig. 4 k*-Weighted wavelet-transformed Fe K-edge EXAFS spectra of references (first raw) and the different ECs (second and third raw).

J. Mater. Chem. A
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simultaneously displaying the spatial and energy distributions
of the neighbors surrounding the Fe center. The WT data
corroborate the EXAFS discussion, clearly evidencing the
emergence of a new Fe-Fe contribution centered around 2.2 A at
600 °C. Interestingly, the XANES and EXAFS analyses reveal
a discrepancy in the temperature at which nanoparticle growth
begins. While XANES suggests a reduction of the metal centers
starting at 500 °C, the characteristic Fe-Fe metallic peak only
becomes evident in the EXAFS at 600 °C.

Considering the high sensitivity of XANES to oxidation state
and the superior ability of EXAFS for coordination environment
and aggregation, these results suggest that at 500 °C, the
samples start to lose their N and C ligand coordination,
resulting in the formation of reduced, yet isolated metallic Fe
atoms, with no long-range order. At 600 °C, the appearance of
the Fe-Fe peak requires the coalescence of Fe atoms into
a nanoparticle and, hence, can be concluded to be the onset of
nanoparticle formation.

3.5. Surface chemistry evaluation through XPS

The surface chemistry of the synthesized samples was investi-
gated via XPS to evaluate the elemental composition and
chemical speciation with the increase of the pyrolysis temper-
ature. The results have been summarized respectively in Tables
S3 and S4. The ECs are predominantly composed of carbon (>94
at%) with oxygen content generally below 4 at%, and nitrogen
and iron levels below 3 at% and in average 0.3 £ 0.2 at%,
respectively.

A notable exception is the Fe_500 sample, which exhibits
a significantly higher oxygen content (~11 at%) and a lower
carbon concentration (~87 at%). This oxygen enrichment at 500
°C aligns with the XAS findings, which indicated the maximum
concentration of iron oxide phases (specifically magnetite) at
this temperature before further reduction at higher thermal
treatments.

Upon core levels deconvolution based on related literature,
specific trends can be observed. The C 1s spectra (Fig. S6) were
fitted with seven contributions: defective C (C def, <284 eV),
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graphitic C (C sp?, 284.5 eV), C sp® contribution (~285 eV), C-O/
C-N and C-O-C/C=N moieties between 285.5 and 287 eV, and
higher oxidation states such as carbonyl and carboxyl groups
(>287 ev).* 7

The carbon speciation remains largely homogeneous across
the series, likely due to the stabilizing effect of the KJB support;
graphitic content is maintained at approximately 60 rel.% for all
samples, while the sp® contribution remains around 11 and 12
rel.%, with a slight increase to 14 rel.% for Fe_500.

Regarding N 1s speciation (Fig. S7), based on the phthalo-
cyanine complex, three different nitrogen groups are consid-
ered: pyridinic N (~398.8 eV), nitrogen coordinated to Fe (N,-
Fe, 399.8 eV), and protonated/pyrrolic N (N-H, 400.5 eV).”*”°

The N 1s profile is dominated by pyridinic and coordinating
nitrogen atoms. Notably, for the samples treated at lower
temperatures (RT, Fe_100, and Fe_200), the ratio between pyr-
idinic and coordinating nitrogen is close to 1. As the tempera-
ture increases beyond 300 °C, the relative content of pyridinic N
rises to 70 rel.%, while the Fe-N, moiety gradually decreases.
Finally, in the Fe 2p spectra (Fig. S8), two major contributions
are assigned to a main N-coordinated Fe(u) (Fe-N,/Fe(u), 709-
710 eV) and Fe(u) species (711-712 eV)*** with their respective
characteristic satellites at 715-716 eV and 718-720 eV.***

In the set 200-600, the FePc complex stabilizes a vast
majority (~60 rel.%) of N-coordinated metal possessing an
oxidation number of +2. Such a configuration is maintained
stable among the samples, as per Fe(m) content. Overall, char-
acteristic satellite peaks are observed for Fe(u) and Fe(m)
ascribed to Fe in high-spin configurations.***

3.6. Electrochemical performance towards NO;RR

As a fundamental study, this work focused on neutral pH (pH
6.3) to evaluate the electrocatalytic activity of the different ECs
toward the NO;RR.

For each EC, LSVs were recorded both in 0.1 M PBS and in 0.1
M PBS + 0.16 M NO;~ to have a first evaluation of HER and
NO;RR activity, respectively. The onset potential was defined as
the potential at which the current density reached —0.4 mA

(b) .
_;:Z_ Il NO,RR
~0.84
~0.74
-0.61
~051

-0.4

E oot (V V5. RHE)

-0.34

-0.24
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(a) Representative LSV curves for the Fe_RT EC in 0.1 M PBS (dotted line), and in 0.1 M PBS + 0.16 M NOs~ (solid line). Complete LSV

profiles for all tested electrocatalysts are provided in Fig. S9. (b) Onset potentials for NOzRR derived from the LSV data, defined as the potential at

which a current density of —0.4 mA cm™~2 is reached.
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Fig. 6 Gap analysis plot (GAP) for the electrochemical NOzRR for all
ECsin0.1MPBS + 0.16 MNOs™ for 1 h. (a) Faradaic efficiency for NO,™
(orange; top-down) and NH4* (green; bottom-up) at —0.6 V, —0.8 V
and —1.0 V vs. RHE. A horizontal line is set at 50% FE to guide the eye.
The bottom section of the figure shows the corresponding yield rate
(umol h™t em™) for (b) NO,~ (orange, triangle) and (c) NH4* (green,
square) as a function of the applied potentials. A simplified plot is re-
ported in Fig. S15 and S16, whereas the data are presented in Tables S6
and S7.

cm 2, enabling consistent comparison across materials.'® The
corresponding potential values at —0.4 mA cm ™2 extracted from
these LSVs are summarized in Table S5.

As shown in Fig. 5a, the Fe_RT sample, even without thermal
treatment, presents a good electrocatalytic response in the
presence of nitrate, with current densities reaching
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approximately 50 mA cm ™2 at —1 V vs. RHE. In contrast, the
current density in PBS alone remains around 10 mA cm ™ at the
same potential, confirming high specificity for NO;RR and
minimal HER interference.

Notably, this significant difference between the current
recorded in pure PBS and in the nitrate-containing electrolyte
was consistently observed across the entire series of electro-
catalysts, as shown in the complete LSV profiles (Fig. S9),
underscoring the general selectivity of these materials toward
nitrate reduction.

However, because the differences in the recorded onset
potentials among the various samples appear marginal
(Fig. 5b), these polarization curves provide only a preliminary
indication of selectivity, making a long-term potentiostatic
investigation necessary to rigorously differentiate the catalytic
responses.

To investigate the NO;RR activity and selectivity of the
different materials towards NH," and NO, ", a series of one hour
potential holds were performed at —0.6 V, —0.8 V, and —1.0 Vvs.
RHE in 0.1 M PBS + 0.16 M NO;™~ (Fig. 6). The corresponding
current-time profiles are shown in Fig. S10.

Since the primary scope of this work is focused on structure-
property correlations rather than an exhaustive mechanistic or
kinetic investigation, the quantification of other eventual trace
intermediates (such as NH,OH and NO) was not targeted.

The quantitative peaks for both NH," and NO, ™, along with
their corresponding calibration curves for cation and anion
analyses, are reported in Fig. S11-S13.

First, to establish the background activity of the substrate,
CA tests were conducted on bare carbon paper and on carbon
paper coated with electrocatalyst-free ink.

IC analysis of the electrolyte after these one-hour tests
revealed negligible amounts of NO,~ and NH,", confirming the
absence of significant nitrate reduction from the carbon paper,
the ionomer and the Aquivion membrane.

Nevertheless, since the nitrogen in the catalysts could act as
a contamination source, CA tests were also performed in a pure
0.1 M PBS electrolyte (without NO;~) at highly reducing
potentials. Also in this case, there was no detectable formation
of NH," or NO,~, confirming that the coordinated nitrogen in
the carbon matrix is electrochemically stable and doesn't
convert into ammonia.

Finally, as a crucial control experiment, the bare carbon
support (KJB) was evaluated under identical reaction conditions
(Fig. S14). It exhibited low current densities, and, even though
the production of both NH," and NO,” was observed, the
resulting FEs and yield rates were suppressed across all inves-
tigated potentials compared to the Fe-containing samples.

The FE and yield rate for ammonia production show
a marked dependence on both the applied potential and the
pyrolysis temperature (Table S6).

At the lowest overpotential investigated (—0.6 V vs. RHE) the
Fe_RT sample exhibits the lowest performance, with an FE of
32.9% and a yield rate of ~3 pmol h™* em 2. This behavior is
further supported by the LSV analysis seen previously, where
Fe_RT displayed the most negative onset potential. Thermal
treatment leads to a progressive increase in ammonia production:

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Gibbs free energy profile of NO3RR for (a) FeN,@Gr and (b) FeNz@Gr. In the insets are shown the structures of active site model and

adsorbed intermediates.

the Fe_300 sample reaches the maximum value for this potential,
with an FE of 70.1% and a yield rate of 12.3 pmol h™* em ™2,

At more cathodic potentials (—0.8 V and —1.0 V vs. RHE), the
differences in FE between the ECs become less pronounced, as
all materials surpass 74% efficiency. At —0.8 V vs. RHE, the FE
values range from 74.9% (Fe_500) to 85.4% (Fe_300). At —1.0 V,
the FE further stabilizes between 80% and 90% across the entire
series.

However, the yield rates exhibit a significant increase at this
potential; Fe_300 and Fe_400 record the highest production
levels, reaching 123.7 and 120.5 umol h™' ecm™?, respectively.

The selectivity of the ECs was further assessed by quantifying
the partial reduction of NO;~ to NO, ™ (Table S7).

Across all tested potentials, the FE for NO,  remains
significantly lower than that for NH,', confirming that NH," is
the primary product of the reaction for all the materials. As the
applied potential decreases, the yield rates increase alongside
the total current while the FE follows a generally opposite trend.
In fact, for most ECs, the FE at —1.0 V vs. RHE is lower than the
values recorded at —0.8 or —0.6 V vs. RHE. For instance, in the
Fe_300 sample, the FE drops from ~22% at —0.6 V to ~12 at
—1.0 V vs. RHE.

These results indicate that at high overpotentials, the 8 e~
reduction path toward ammonia is kinetically favored over the
2-e~ partial reduction to nitrite, leading to a higher overall
selectivity for the final product.

Only experimentally quantified products via IC are displayed
in the Gap Analysis Plot (GAP) in Fig. 6a, while the unquantified
HER fraction and possible traces of nitrogenous compounds
(N,H,, N, and NO,) constitute the remaining balance.

This journal is © The Royal Society of Chemistry 2026

However, since H, is considered the primary byproduct, the
remaining fraction of the total charge not accounted for by
NH," and NO,~ production is attributed to the competitive
HER.

The impact of HER is most prominent at lower over-
potentials and for the untreated sample. In fact, at —0.6 V vs.
RHE, the Fe_RT catalyst shows a combined FE (NH," + NO, ) of
only ~41%, suggesting that ~59% of the electrons are
consumed by the HER.

In contrast, thermal treatment significantly suppresses water
reduction in favor of nitrate activation; at the same potential,
the total FE for NO;RR products in the Fe_300 sample reaches
approximately 93%, indicating a minimal contribution from the
HER.

As the potential shifts to —0.8 V and —1.0 V vs. RHE, the
cumulative FE for all materials consistently stabilizes above 90—
95%. This high recovery of the total charge demonstrates that at
these overpotentials, the NO;RR kinetics effectively out-
competed HER, regardless of the specific structural evolution of
the iron sites.

To investigate the variation of the accessible interface, the
double-layer capacitance (Cq4) and the electrochemically active
surface area (ECSA) were systematically quantified (Fig. S17 and
Table S8). The ECSA remains remarkably stable and comparable
within the RT-400 °C range (fluctuating between 80 and 90 m® g™ %).
This conservation allows us to exclude electrochemical surface
area variation as the driving factor for the electrochemical
performances differences in this window.

Conversely, the ECSA significantly drops to approximately
60 m” g~ at 600 °C.

J. Mater. Chem. A
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The reason of this contraction could be the thermal coales-
cence of atomically dispersed Fe into larger nanoparticles that
leads to a substantial loss of the exposed catalytic surface.

In Table S9, all the operating conditions and the results
achieved by different Fe-N,~C EC for NO3;RR in previous studies
have been summarized; Fe_300 has been considered as repre-
sentative material for this work.

3.7. Computational section

The NO;RR reaction pathway is extremely complex as it can pass
through a large spectrum of possible intermediates. We made
sure to trace the most stable reaction path, which is comprised
of the most stable reaction intermediates within ab initio ther-
modynamics. In particular, we simulated the possible adsorp-
tion configurations for each reaction step and selected the most
stable intermediate. Then, we started from the most stable
intermediate and we simulated all possible adsorption config-
urations of the subsequent step, taking the most stable inter-
mediate. The procedure was iterated for all electrochemical
steps of the reaction. This strategy was adopted in previous
studies for the computational study of nitrogen reduction
reaction.**® The first step of the reaction, nitrate adsorption,
has been evaluated adopting the methodology proposed by
Calle-vallejo and coworkers.*®
We considered the following elementary steps:

(1) * + NO;” > NO; + e~

(2) NO; + H' + e~ >NO;H"

(3) NO;H' + H' +e~ > NO, + H,0

(4)NO; + H' + e >NO,H"

(5) NOH* + H" + e~ — NO* + H,0
(6) NO* + H" + ¢~ — NOH*
(7) NOH* + H" + ¢~ — NHOH*
(8) NOH* + H" + e~ — NH,O*

(9) NOH* + H" + ¢~ — N* + H,0
(10) NHOH* + H" + ¢~ — NH,OH*
(11) NHOH* + H" + e~ — NH* + H,0
(12) NH,O* + H" + ¢~ — O* + NH;

(I13) N*+ H" + ¢~ —> NH*

J. Mater. Chem. A
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(14) NH,OH" + H" + ¢~ > NH, + H,0

(15) NH" + H" + ¢" —>NH,

(16) O* + H" + e~ — OH*

(17) NH, + H" + e~ —NH,

(18) OH* + H" ¢~ — H,O*

(19) NH; + H" >NH, " + *

(20) H,0* — H,0 + *

Experimental evidence reports a Fe-N coordination number
ranging from about four to three. For this reason, we performed
the ab initio thermodynamics analysis for FeN, and FeNj; active
sites.

We created a carbon divacancy and built two different
models: (i) all four undercoordinated carbon atoms were
replaced with nitrogen species; (ii) the three undercoordinated
carbon atoms where replace with nitrogen atoms. The iron
single atom was hosted in the available cavity, leading to the
formation of FeN,@Gr and FeN;@Gr systems. Previous works
suggested that even such subtle changes can alter significantly
the reactivity.*

The two free energy profiles show different preferred path-
ways (Fig. 7). In particular, the profile of FeN, involves stabili-
sation of the reaction intermediates by Fe-O bonding, whereas
the pathway on FeNj involves the binding of the Fe atom to an N
atom.

The FeN; system exhibits a smaller thermodynamic barrier
of 0.40 eV, corresponding to the NO; —NO;H" elementary step,
whereas the FeN, system exhibits a barrier of 0.56 eV, corre-
sponding to NO; ™~ adsorption.

The symmetry breaking from Fe-N, to Fe-N;, where iron-
nitrogen coordination changes from fourfold square planar, to
trigonal, induces an increase in reactivity of the catalyst. A
similar behaviour has been observed also in a previous work on
carbon dioxide electroreduction.?® Indeed, a subtle structural
difference between FeN, and FeN; active sites results in
significant modifications to their electronic properties. In
particular, FeN; has a higher electronic density of states near
the Fermi level with respect to FeN, (Fig. $23), suggesting that
more electronic states are available to participate in charge
transfer during the adsorption.

This enhanced electronic availability is further supported by
Bader charge analysis.”*®® Upon NO;~ adsorption, which

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Principal component analysis (PCA) obtained at (a) —0.6 V, (b)
—0.8 Vand (c) —1.0 Vvs. RHE.

constitutes the rate-determining step of the NO;RR on FeNy, the
charge transfer to the Fe center in the FeNj site is greater that in
the FeN, site, with changes of the atomic charge of the metal
center of 0.3 e and 0.1 e, respectively.

3.8. Structure-to-property relationships

To unravel the correlations between the structural evolution of
the iron sites and the electrochemical performance in the
NO;RR, a Principal Component Analysis (PCA) was performed
by integrating structural and performance descriptors obtained
at three different applied potentials.

This journal is © The Royal Society of Chemistry 2026
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This multivariable approach allowed for the combination of
descriptors derived from XPS, such as the total N,~Fe content
derived from Nis spectra, and those obtained from XANES,
including the relative fractions of Fe-Nj, Fe-N,, (FePc),O,
metallic and oxide phases, correlating them directly with the
yield rate and FE for NH," and NO,~ (Fig. 8).

The PCA models remain statistically representative across all
conditions, with the first two principal components explaining
81.49%, 72.74%, and 67.10% of the total variance at —0.6 V,
—0.8 V, and —1.0 V vs. RHE, respectively.

At low overpotential (—0.6 V vs. RHE), both the yield rate and
FE for NH," are strongly correlated with the total density of
coordinated sites (N,—Fe) and, specifically, with the presence of
the Fe-N, species. This behavior is exemplified by the samples
pyrolyzed at 300 °C and 400 °C, which cluster in the high-
performance quadrant of the PCA plot. A similar trend is
observed at —0.8 V vs. RHE.

However, while the yield rate remains associated with the
Fe-N, descriptors, the FE begins to diverge, initiating a rotation
toward the Fe-Nj; species. This shift culminates at —1.0 V vs.
RHE, where the FE NH," vector aligns directly with the Fe-N;
descriptor and moves closer to the sample pyrolyzed at 200 °C.
This suggests that the trigonal geometry of the Fe-N; site
becomes the determining factor for maintaining high FE at
high overpotentials, when the competition with the competitive
HER increases.

These experimental and statistical findings are in excellent
agreement with our computational analysis and recent litera-
ture. Specifically, Liu et al.** systematically compared the cata-
Iytic behavior of Fe-N,, Fe-N;, and Fe-N,-OH active sites.
Through a combination of operando attenuated total reflection
surface-enhanced infrared absorption spectroscopy (ATR-SEI-
RAS) and DFT calculations, they demonstrated that the highest
NO;RR activity is associated with Fe-N; coordination.

This phenomenon conceptually aligns also with broader
conceptual frameworks established for SACs in electrochemical
nitrogen fixation.

In particular, studies conducted on non-carbonaceous
matrices, have demonstrated that fine-tuning the peripheral
electronic environment and charge transfer efficiency can
successfully overcome major thermodynamic bottlenecks in
multi-proton/electron configurations.”

In these systems, an orbital “acceptance-donation” orbital
mechanism controls the adsorption of nitrogenous species,
altering intermediate scaling relationships and suppressing
competitive HER.

The impact of higher thermal treatments emerges clearly
from the analysis of the samples at 500 °C and 600 °C, which
systematically occupy quadrants opposite to the ammonium
performance vectors throughout the tested potential range. The
statistical segregation of these materials is closely linked to
their association with iron phases, such as Fe;0, and metallic
iron in the @ and y forms. Such evidence confirms that the loss
of atomic dispersion and the growth of nanoparticles, detected
in both EXAFS and STEM analyses, negatively affect the NO;RR
toward the desired final product.
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Finally, the temperature-dependent evolution of each
species is detailed in Fig. S18, while the linear correlations
between the relative abundance of the structural variables and
the performance metrics are illustrated in Fig. S19-S22.

Despite the inherent complexity of the system and the scat-
tering observed for some data points, a clear trend emerges: the
FE and yield rate of NH, significantly increase with the
percentage of total Fe-N, and Fe-N, sites. This dependence is
particularly evident at lower overpotentials, further validating
the PCA findings.

4. Conclusions

This work presents a detailed investigation into the structural
evolution and electrocatalytic performance of Fe-N, electro-
catalysts (ECs) derived from iron phthalocyanine (FePc) for the
nitrate reduction reaction (NO3;RR). Commercial conductive
carbon black (Ketjenblack EC-600JD) was functionalized with 20
wt% FePc and underwent pyrolysis across a temperature range
from RT to 600 °C in N,/H, atmosphere. Through a combina-
tion of advanced microscopic and spectroscopic techniques, the
evolution, growth and transformation of active moieties were
elucidated, establishing a structure-property relationship by
testing the NO3RR response of the samples in neutral pH
electrolytes.

The findings demonstrate that the pyrolysis temperature
dictates the coordination environment and dispersion of the
iron centers. The thermal treatments promote the conversion of
molecular (FePc),O into atomically dispersed Fe-N, moieties,
predominantly Fe-N, and Fe-Nj3, which eventually aggregate in
nanoparticles at 600 °C. Within this structural evolution, the EC
pyrolyzed at 300 °C, exhibited the best NO;RR activity, although
the faradaic efficiency (FE) for ammonia remains consistently
above 75% at —0.8 V vs. RHE for all samples.

To fully understand these experimental results, Principal
Component Analysis (PCA) was employed to decouple the
contributions of different iron species. The statistical model
revealed that while the total density of Fe-N, and Fe-N, sites
governs the reaction rate at low overpotentials, the specific
presence of the trigonal Fe-N; configuration is the key
descriptor for maintaining high FE at high overpotentials.
Conversely, the emergence of metallic clusters at 500-600 °C
was statistically correlated with a decrease in the catalytic
selectivity. These experimental and statistical findings were
corroborated by quantum chemical simulations, which
confirmed that the Fe-Nj site is intrinsically more active than
the planar Fe-N, geometry. In particular, the Fe-N; active site
exhibits a smaller thermodynamic barrier (0.40 eV) for the
NO; >NO;H" elementary step, compared to the Fe-N, system
(0.56 eV for NO; ™~ adsorption).

Overall, this study provides fundamental insights into the
structure-activity relationships of single-atom Fe-N,-C ECs
derived from FePc for the NO;RR.
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