RESEARCH ARTICLE

W) Check for updates

ADVANCED
FUNCTIONAL
MATERIALS

www.afm-journal.de

High-Yield Synthesis of Fe-NC Electrocatalysts Using Mg?*
Templating and Schiff-Base Porous Organic Polymers

Eliot Petitdemange, Jinjie Zhu, Angus Pedersen, Joseph Parker, S. Esmael Balaghi,
Shaohua Li, Silvia Favero, José Ignacio Martinez, Sarah Haigh, Maria-Magdalena Titirici,

Anna Fischer,* and Jestis Barrio*

The decoupled synthesis of Fe-NC single-site electrocatalysts mediated by
Lewis acids enables high active site density and utilization. However, current
approaches often rely on small organic molecules and suffer from low syn-
thesis yields due to the high Lewis acid-to-precursor ratios required to achieve
highly porous carbons. Here, a porous organic polymer (POP) based on 2,4,6-
Triaminopyrimidine (TAP) is utilized as a carbon-nitrogen-based scaffold for the
synthesis of Fe—NC electrocatalysts. By tuning the amounts of MgCl,-6H,O
used both as porogen and active site templating agent, synthetic yields
exceeding 45% are achieved, a significant improvement compared to the 6%
yield from the molecular analogue and the highest reported for Mg?* templated
systems. Subsequent low-temperature exchange with Fe leads to atomically
dispersed FeN,, minimizing Fe aggregation. The resulting materials exhibit
high specific surface areas (>1000 m? g~') with micro-, meso-, and macrop-
ores, which promote mass transport and active site accessibility. Compared to
Fe—NC synthesized via direct pyrolysis of Fe-coordinated POP, the decoupled
method enables significantly higher catalytic activity in both alkaline and acidic
media, and delivers 1 Acm~2 at 0.687 + 0.004 V. in an alkaline gas diffusion

1. Introduction

Low-temperature proton exchange mem-
brane fuel cell (PEMFC) will play an
important role in the field of transport
and energy storage over the next few
decades, enabling, among others, emission-
free energy storage and mobility, and
therefore the transition toward net zero.!]

The oxygen reduction reaction (ORR) at
the cathode of fuel cells is sluggish and
has a high overpotential,?l and therefore
catalysts that increase the kinetics of this
reaction and reduce the overpotential are
employed, usually being platinum-group
metals (PGMs) nanoparticles supported on
carbon.>*l Their use, combined with the
sluggish kinetics of ORR, creates cathodes
containing large quantities of platinum,
making cathodes expensive and one of the
factors slowing down the expansion of fuel

electrode, highlighting its potential for practical oxygen reduction devices.

cells on the market.[*] In the search for more
sustainable and affordable alternatives to
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Pt-based materials, iron has attracted a lot of attention since Jasin-
ski identified Fe macrocycles (such as phthalocyanines and por-
phyrins) as promising platinum-free catalysts.®] 60 years later,
iron is now commonly used in the form of single-atom co-
ordinated in high surface area nitrogen-doped carbon matrix
(Fe—NCs), with some Fe—NC achieving initial performances
that almost equal those of Pt/C in PEMFCs, and even exceed-
ing its performance in anion exchange membrane devices.l’ "]
In Fe—NCs, an iron atom is coordinated to either pyridinic or
pyrrolic nitrogen moieties (Fe—N,) that stabilize the iron sin-
gle sites by providing lone electron pairs, while the C—N frame-
work provides a supporting structure for the Fe—N, active sites,
as well as electronic conductivity, stability, and porosity.['!] De-
spite the impressive progress in the catalytic performance of
Fe—NCs, they still lack the activity and durability necessary to
replace Pt/C.[">"1] The main factor hindering the synthesis of
active Fe—NC is the one-step high-temperature pyrolytic synthe-
sis needed to create a conductive support that leads to the ag-
gregation of Fe atoms into carbon-coated nanoparticles through
carbothermal reduction.!’”! In a decoupled synthetic approach,
however, a mixture of a Lewis acid, such as Zn or Mg salts, is py-
rolyzed in the presence of C-N building blocks, followed by low-
temperature cation exchange, therefore enabling both the for-
mation of a high number of Fe-N, active sites and avoiding the
formation of undesirable iron-based species from carbothermal
reduction reactions.l! This was first demonstrated by Fellinger
and co-workers by imprinting active sites via Mg** and Zn**
in a C—N matrix, followed by low-temperature methanol reflux
cation exchange with iron chloride to prepare Fe—N, moieties.!*°]
Such a decoupled approach has led to meaningful advancements
in the field,['”*] albeit the utilization of a Lewis acid templat-
ing agent results in moderate to low synthetic yields. Employing
Zn—NCs derived from zeolitic imidazole frameworks, Mehmood
et al. were able to create a catalyst with 7 wt.% iron coordinated
solely as single-atom Fe—N,.[°l Materials derived from zeolitic
imidazole frameworks, however, display low electrochemical uti-
lization owing to their microporous nature (<10%, based on five-
electron in situ nitrite stripping), suggesting that most of the
active sites were not accessible to the electrolyte and thus in-
active during the ORR. Our group recently addressed the low
electrochemical utilization by creating highly micro- and meso-
porous carbons derived from the Mg-templated pyrolysis of 2,4,6-
triaminopyrimidine (TAP) that resulted in Fe—NCs with Fe—N,
utilization of 52% for an active site density of 2.54 x 10'° sites
gronc | and iR-corrected state-of-the-art performance in PEMFC
and alkaline gas diffusion electrodes.[?*2) However, the high
Mg:TAP ratio employed, which is necessary to achieve a high mi-
cro and mesopore volume,[?}! resulted in low reaction yields. A
feasible approach to decrease the porogen content while main-
taining high pore volume and site accessibility, and therefore in-
crease the reaction yield, entails the utilization of covalent porous
organic polymers (POPs) as precursors for the synthesis of
Fe—NCs. Porous organic polymers are covalently bound organic
materials that display high surface area (usually microporosity),
therefore attracting plenty of attention in different energy-related
fields.[?*] Triazine-based Schiff-base organic polymers in particu-
lar have been widely employed as photo-electrocatalysts for dif-
ferent reactions since they were first prepared by Thomas and
co-workers,[-?7] and were recently utilized by Tolosana et al. as a
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reactant to prepare Fe—NCs materials, albeit employing two py-
rolytic steps that included the high-temperature treatment of a
melamine-based POP along with Fe-based salts.?®] Melamine,
however, shows a low efficiency of creating active Fe—N, sites
compared to other C—N based building blocks.*! Beyond POPs,
other covalent organic materials have been used as a template
to synthesize M-NC materials, albeit such synthesis often entails
the direct pyrolysis of metallic salts or the utilization of exter-
nal templating agents to create mesopores, such as SiO,, which
typically requires HF, NH,HF,, or concentrated NaOH for its
removal.3%31 Given the rich potential of TAP to create three-
dimensional covalent organic materials,!*?! and building upon
our recent developments employing Mg-based porogens, in this
work, we have synthesized a TAP-based porous organic poly-
mer (TAP-POP) via Schiff base condensation between TAP and
terephthalaldehyde in N,N-dimethylformamide (DMF). We then
use it as a precursor for Fe—NC materials via a direct synthesis
route (thermal treatment in the presence of an Fe source) as well
as Mg exchange. This enables the formation of a high surface
area C—N matrix via high temperature pyrolysis with a substan-
tial increase in reaction yields.

The structure, composition, and thermal stability of TAP-
POP were characterized by X-ray diffraction (XRD), Density
Functional Theory (DFT) calculations, X-ray photoelectron spec-
troscopy (XPS), thermogravimetric analysis (TGA), and N,- and
CO,-Physisportion. Then, MgCl,6H,0 was used to create an
Mg—NC where the metal centers were replaced by Fe?* ions
via low-temperature methanol reflux. The structural properties
of the carbon-based catalysts were studied by XPS, X-ray ab-
sorption spectroscopy (XAS), electron paramagnetic resonance
(EPR), High-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM), and N, sorption, and the elec-
trocatalytic performance for the ORR was studied in a rotating
disk electrode (RDE) in alkaline and acidic electrolytes as well as
in a gas diffusion electrode (GDE).

2. Results and Discussion

A Schiff-base, aminal-linked microporous TAP-POP was synthe-
sized as an orange powder (Figure S1, Supporting Information)
following the report by Shunmughanathan et al.[** with minor
modifications. Namely, TAP and terephthalaldehyde were dis-
solved in DMF and subjected to a solvothermal reaction in a
Teflon reactor at 150 °C for 72 h (Figure 1a, more details at the Ex-
perimental Section). Figure S2 (Supporting Information) shows a
comparison between the powder diffractograms of the two com-
mercial building blocks, TAP and Terephthalaldehyde, and the
synthesized POP. XRD patterns show a highly ordered crystalline
structure for TAP and Terephthalaldehyde, but this crystallinity
diminishes after polymerization, and just a broad peak is ob-
served at ~ 15-25°. XPS of TAP-POP confirmed the formation
of the chemical bonds within the suggested configurations. C 1s
spectra for both TAP and TAP-POP (Figure 1b) display three main
binding energies corresponding to C—C at 284.7 eV, C—(N); at
285.7 eV, and C=N at 287.9 eV. A significant difference in the
ratio between the different contributions is observed; TAP-POP
has a greater ratio of C—C bonds than TAP, correlated to the pres-
ence of benzene rings from terephthalaldehyde, which also ex-
plains the smaller C=N peak in the TAP-POP spectra. In the N 1s
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Figure 1. Schematic representation of the TAP-POP synthesis a) C1s b) and N1s c) XPS spectra of TAP and TAP-POP. N, d) and CO, e) sorption
isotherms. N,-Physisorption was carried out at 77 K, while the CO,-sorption measurement was carried out at 0 °C.

spectra, TAP displays two different binding energies correspond-
ing to C-NH, at 400.0 eV and C=N at 399.3 eV, whereas TAP-
POP comprises three different binding energies corresponding
to C—NH, at 400.0 eV, arising from polymer edges, C=N at
399.2 eV, and C—NH—C at 398.3 eV (Figure 1b). XPS and XRD,
therefore, confirm the formation of a covalent polymer linked by
aminal moieties rather than imine linkages in agreement with
previous works.[3234]

N, physisorption of TAP-POP (Figure 1d) results in a type
I and IV isotherm according to IUPAC, based on the microp-
ore filling and continuous increase at high P/P, with hystere-
sis. This corresponds to a micro- meso- and microporous ma-
terial, with a Brunauer-Emmet-Teller specific surface area (Sggr)
of 191 m? g™, similar to previously reported.l****] The pore size
distribution (Figure S3, Supporting Information) revealed a mi-
croporous diameter of 1.1 nm and a cumulative pore volume of
0.00369 cm? g~!, coming almost exclusively from the micropores.
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CO,-sorption measurements were also carried out (Figure le),
further confirming the intrinsic microporosity of the polymer,
with a specific surface area of 211 m? g~! and an additional pore
diameter centred at ~#0.5 nm. While similar melamine-based mi-
croporous polymers have displayed higher BET specific surface
area (1377 m? g7!),[%°] this can be strongly affected by the choice
of solvent or reaction temperature as well as differences in re-
activity between melamine and TAP arising from the distinct
electron density in the pyrimidine ring compared to the triazine,
which impacts the basicity of the -NH, terminal groups.[*

Due to the amorphous nature of the polymer, which compli-
cates the precise determination of its structure, we conducted
an extensive set of atomistic in silico experiments using the lo-
calized basis set Gaussianl6 and the plane-wave QUANTUM
ESPRESSO simulation packages. A total of five polymeric models
were found most energetically favorable (Figures S4 and S5, Sup-
porting Information), from which the two configurations based
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Figure 2. Schematicillustration of the metal-free material synthesis (1), the direct Fe-NC synthesis without Mg exchange (2), and using Mg as a template

for the transmetalation reaction (3).

on a single crystalline motif (the TAP-POP motif shown in Figure
1a, labelled configurations 1 and 2 in Figure S4, Supporting In-
formation) exhibited the highest stability based on the formation
energy per NH—C bond (Table S1, further discussion at Note S1,
Supporting Information). Both AA and AB stacking for configu-
rations 1 and 2 yielded diffraction peaks at 20-25°. The broader
full-width at half-maximum observed experimentally indicates
that the polymer is best described as a mixture of different config-
urations and stacking modes, with configurations 1 and 2 being
predominant.

We employed TGA to study the thermal stability of the TAP-
POP compared to the TAP building unit (Figure S6, Support-
ing Information). TAP-POP loses less than 20% of its mass up
to 400 °C, probably arising from the release of trapped solvent
molecules, and overall is more stable than TAP at high tempera-
ture, with 77% and 92% mass loss at 800 °C, respectively. Further-
more, TAP-POP is still not completely decomposed at 1000 °C,
unlike TAP. We then investigated two different synthetic path-
ways to upgrade the TAP-POP into Fe—NC materials (Figure 2),
consisting of either decoupled pyrolysis and low-temperature Mg
exchange or a “direct” synthesis. The POP was also pyrolyzed in
the absence of metals to obtain the metal-free nitrogen doped
carbon (TAP-POP 900). The direct pyrolysis synthesis entails the
impregnation of Fe** within the nitrogen functionalities of TAP-
POP, followed by high-temperature pyrolysis and acidic wash to
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remove Fe-based aggregates. The different synthetic protocols
were adopted to assess the effect of Fe particle formation and
serve as a direct comparison with the Mg?* templating. The start-
ing Mg:POP weight ratio in TAP-POP Mg 900 is 8:1, as previ-
ously employed with TAP and different organic precursors; how-
ever, different Mg:POP weight ratios are screened, as the intrin-
sic porosity of TAP-POP could entail a reduction in the amount
of Mg needed to achieve a high micro- and mesopore volume, as
well as high electrocatalytic activity. If a Mg:POP ratio different
from 8:1 is employed, it will be reflected on the material label.
N, adsorption—desorption isotherms (77 K) revealed dis-
tinct porosity profiles among the TAP-POP-derived materials
(Figure 3a). According to ITUPAC definitions,**] TAP-POP 900
displayed a Type I(b) isotherm with a gradual uptake and no sig-
nificant hysteresis, indicating the presence of wider micropores
and possibly narrow mesopores, but negligible macroporosity. Its
Sger 0f 372 m? g~! was substantially higher than the polymer pre-
pyrolysis (191 m? g~!) with a pore diameter of 0.85 nm, which
aligns well with the pores of the raw polymer. On the other hand,
TAP-POP 900@Fe showed a Type I(a) isotherm with pore block-
age and collapse owing to the dynamic graphitisation of carbon,
as observed in the Spp value (96 m? g=!), which is substantially
lower than the TAP-POP material pyrolyzed alone and that of the
initial polymer. The isotherms of the TAP-POP Mg displayed a
combined Type [(b)/IV isotherm, with initial micropore filling
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Figure 3. Isotherms and surface areas of TAP-POP derived materials (a) and their corresponding cumulative pore volume and pore size distribution
calculated using 2D-non-local density functional theory (NLDFT) heterogeneous surface carbon model in SAIEUS software (b).

followed by a pronounced hysteresis loop and a steep increase in
adsorbed volume near P/P, ~0.9. This behavior is characteristic
of a hierarchical porous structure containing micropores, well-
developed mesopores, and interparticle macropores. The corre-
sponding BET surface area of 1023 m? g~! further reflects the
extensive porosity introduced by Mg templating. The pore size
distribution shows a micropore diameter centered at 1.0 nm as
well as mesopores centred ~13 and 30 nm (Figure 3b). It can be
concluded that MgCl,-6H,0 in this case has a strong porogen
effect, but it displays a different behavior to that of the hard tem-
plating effect of MgO observed with other building blocks such as
TAP, Adenine, and cross-linked precursors.[2%237] The fact that
the effect of MgCl,-6H, O strongly differs between a small build-
ing block like TAP and our TAP-POP polymer could be due to the
fact that small molecular fragments, with hydrogen bond donor
and acceptor sites, interact differently with MgCl,-6H,0.%®]
XRD patterns (Figure 4) display two broad reflections (at ap-
prox. 2Theta = 24° and 44°) and can partly be attributed to hexag-
onal graphite (2Theta = 26.5° and 44.5°, Graphite ICSD#76767)
for TAP-POP 900@Fe. Such diffraction peaks display a sub-
stantially lower full width at half maximum, indicating a more
crystalline structure with bigger graphitic areas than the TAP-
POP 900. Additionally, TAP-POP 900@Fe displays mild diffrac-
tion peaks corresponding to iron carbide (Fe;C, ICSD#16593),
formed by carbothermal reduction of the impregnated iron ions
during the pyrolysis phase of the synthesis. These metallic iron
particles are also the origin of graphitization of the carbon sup-
port material, through catalytic graphitization.*] However, their
complete removal by acid washing is unlikely as metallic iron par-
ticles tend to create a protective carbon shell, which is difficult to
remove by acid etching.[*! Additionally, the reference TAP-POP
900 displays a diffraction peak at 42.9°, which is attributed to an-
other diffraction peak from the (100) carbon lattice. The small but
sharp graphitic peaks observed in TAP-POP 900 could point at
graphitic domains originating from Fe-catalysed graphitization
from impurities in the precursors (TAP purity is 97%). In the
case of the Mg-derived materials, the diffractogram shows mainly
two broad distinguishable signals at 26 = 24° and 44°, which are
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tentatively attributed to hexagonal graphite. The absence of crys-
talline peaks arising from Mg and Fe-based species in TAP-POP
Mg 900 and TAP-POP Mg 900@ Fe suggests the successful syn-
thesis of M-NCs via conservative cation replacement.

XPS Nls spectra of the materials can be deconvoluted into
pyridinic, pyrrolic and graphitic contributions, as well as a M-
N, binding energy in the case of the metal containing materials,
as previously reported for similar materials (Figures S7b, further
discussion in Note S2, Supporting Information), which confirms
the formation of metal-nitrogen moieties,[*! while the C1s dis-
plays C—C, C—O/C—N and oxidized carbon contributions (Figure
S7a, Supporting Information). In terms of chemical composition,
the Cls content increases from 71.1% in the case of the initial
TAP-POP polymer to 86.7% after pyrolysis at 900 °C (TAP-POP
900), and the N1s decreases from 23.5% to 10.8%, with O1s also

TAP-POP 900
TAP-POP 900@Fe

TAP-POP Mg 900

Il Graphite
Il Fe,C
ol
10 20 30 40 50

2 Theta (°)

Figure 4. A) Comparison between the X-Ray diffractograms for the refer-
ence TAP-POP derived materials, including Graphite(2H), ICSD#76767,
and Fe;C, ICSD#16593.
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Figure 5. HAADF-STEM images of TAP-POP 900@Fe showing Fe-based particles, single sites (within the square), and graphitized carbon (top row).
TAP-POP Mg 900@ Fe showing atomically dispersed Fe sites (within the yellow circles, bottom row).

decreasing from 5.4% to 2.5% owing to the decomposition of un-
reacted terephthalaldehyde (Figure S8, Supporting Information).
The M—N, contribution observed in the N1s spectra, as well as
the Mg (1.0 at.% for TAP-POP Mg 900) suggests that Mg?* cre-
ates M—N, bonds successfully and that the metal cations can be
partially replaced via low-temperature methanol reflux by Fe.[*!]

The introduction of Fe-based species was also confirmed via
XPS as observed in the 1.0 at.% (4.8 wt.%) within TAP-POP
900@Fe (Figures S7d and S8, Supporting Information). Com-
pared to TAP-POP Mg 900@Fe (0.5 at.%, 2.3 wt.%), the amount
of Fe introduced by direct synthesis is much higher, pointing to
the presence of Fe-based particles in the material’s surface, as
suggested in XRD and further supported by the high oxygen con-
tent in TAP-POP 900@Fe. Additionally, the carbon content and
nitrogen content of the materials are similar for the Mg-based
materials (8.8 at.%), while in the case of TAP-POP 900@ Fe nitro-
gen decreases substantially (to 2.5 at.%). This may be due to the
higher O1s content arising from the Fe-based oxides, which is
avoided in the synthetic routes involving Mg replacement. Com-
paring TAP POP Mg 900 with TAP POP Mg 900@Fe, the de-
crease in Mg content (Figures S7c and S8 0.5 at.%, Supporting
Information) and equivalent increase in Fe content (0.5 at.%) af-
ter Fe coordination suggests transmetallation of Mg with Fe as
the dominant mechanism of Fe insertion.
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To further characterize the nature of the Fe-based species and
elucidate the impact of Mg-templating on the carbon scaffold
morphology, scanning transmission electron microscopy imag-
ing was carried out in TAP-POP 900@Fe and TAP POP Mg
900@Fe. HAADF-STEM images (Figure 5) reveal that while TAP-
POP Mg 900@Fe displays exclusively atomically dispersed Fe
sites in a layered carbon scaffold (no large aggregates were ob-
served in a large screened area, Figure S9, Supporting Informa-
tion), TAP-POP 900@Fe contains a mixture of Fe-based aggre-
gates that promote the graphitization of carbon, in agreement
with the XRD data, as well as atomically dispersed Fe sites. Ad-
ditionally, Energy-dispersive X-ray spectroscopy (EDS) mapping
confirms the homogeneous distribution of N, C, O, Fe, and resid-
ual amounts of Mg in the case of TAP POP Mg 900@Fe, while
it confirms that the observed aggregates are Fe-based in TAP-
POP 900@Fe (Figures S10-S11, Supporting Information). The
overlay of S and Fe could suggest the presence of Fe sulfides
arising from the acidic wash, as observed by Strasser and co-
workers.[*?] These results confirm the dramatic impact of the de-
coupled, Mg-mediated synthetic approach in the nature of the
Fe-based species; the presence of Fe in the thermal conversion
of carbon-based frameworks leads to the formation of Fe,C and
partial graphitization.['>*}] Mg-templating, on the other hand,
leads to an amorphous, high-surface-area, layered carbon scaf-
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Figure 6. Capacitance-corrected anodic scan of TAP-derived materials made with different synthetic routes a), with different Mg:POP ratios b), ac-
celerated stress test of TAP-POP Mg900@Fe (1:4). The scans were obtained by subtracting N,-saturated cyclic voltammetry at 1600 rpm from the O,-
saturated result c). Al ORR measurements were recorded in a 0.1 M KOH electrolyte at room temperature with a rotation speed of 1600 rpm, a scan rate of
10 mV s~, and a catalyst loading of 260 pgg.nc cm™2. For materials with different Mg:POP ratios, two independent measurements were carried out, with
the average value plotted, and the error bars correspond to the standard deviation at the given potentials. Literature comparison of Fe—=N—C catalysts
in GDE half-cell experiments with the present work d). Polarization curves of this work are obtained using TAP-POP Mg 900@ Fe (1:4) cathodes (catalyst
loading = 1.22 mgg..n.c cm~2) with Nafion ionomer (I/C = 1.2). Sustainion X37-50 Grade 60 membranes were activated in 1 M KOH and used in all
tests. Measurements were conducted in 1 M KOH with O, at room temperature. Two independent measurements were averaged, and error bars indicate

standard deviation. All potentials are 100% iR-corrected vs. RHE. Present work (red, 1.22 mgg, n.c cm™2), Zhu et al. (yellow, 0.47 mgg.n.c cm™2)
Ehelebe et al. (pink, 1.6 mgg..n.c cm™2),148] Ku et al. (purple, 0.72 mgg, n.c cm2),[13] Kellner et al. (light blue, [l 1.2 mgg, \.c cm™
and orange, 1.05 mgg. n.c M~

4 mge.n.c cm~2) and Mazzoli et al. (cyan, 1.29 mgg, n.c cm™2

fold with atomically dispersed Fe sites, avoiding the formation of
aggregates.

The prepared materials were then tested as electrocatalysts
for the O, reduction in an alkaline electrolyte with an RDE at
1600 rpm. Initially, the non-pyrolyzed TAP-POP raw polymer was
evaluated, as different triazine-based polymers and covalent or-
ganic frameworks have recently been proven to show certain elec-
trocatalytic activity toward the ORR in alkaline media in the ab-
sence of Fe-N, moieties.[*~¢] However, the polymer, which was
mixed in a 20 wt.% with either exfoliated graphene or Ketjenblack
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[22]

2 [50]

and green,
2) [43]

EC-600-]D, proved to be ORR inactive as shown by its lower per-
formance compared to the pure carbon references (Figure S12,
Supporting Information). Therefore, no further measurements
were conducted with the TAP-POP raw polymer as an ORR cat-
alyst. Conversely, all the prepared M-NCs display certain electro-
chemical O, reduction activity (Figure 6a), including the metal-
free TAP-POP 900, which displays an onset potential (the work-
ing potential at a current —0.2 mA cm™2) of 0.7 Vg, suggest-
ing selectivity toward the two-electron HO,~ formation. TAP-
POP 900@Fe, on the other hand, shows a higher kinetic current
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density of J,;,, = 1.19 mA cm™2 at 0.8 Vyy; (Table S2, Support-
ing Information) and a corresponding kinetic mass activity of
my, = 4.58 A grae ! Such catalytic activity could arise from a
synergistic behavior between single sites and Fe-based particles,
as previously pointed out by our group and others.[*3#]

The highest catalytic activity is shown by the TAP-POP
Mg 900@Fe catalyst, which reaches a kinetic current density of
Jiin = 3.1 £0.1 mA cm™2 at 0.8 Vyyy and a corresponding kinetic
mass activity of my;, = 12.1 + 0.4 A g\ "' The Fe-free coun-
terpart TAP-POP Mg 900 is also electrocatalytically active (Figure
S13, Supporting Information, J,;, = 1.53 at 0.8 V;;; and a cor-
responding kinetic mass activity of my,, = 5.9 A gy7'), but the
introduction of iron improves both kinetic activity as well as the
limiting current density, further proving that Fe-transmetalation
successfully leads to the formation of electroactive FeN, single
sites.

The Fe-based catalysts, TAP-POP 900@Fe and TAP-
POP Mg 900@Fe were also tested in acidic media, where
an expected decrease in catalytic activity for both catalysts was
observed (Figure S14a, Supporting Information). This reduction
arises from the different mechanisms of oxygen reduction
in alkaline and acidic environments. In alkaline media, an
outer-sphere mechanism has been proposed, where nitrogen
moieties can also act as a catalytically active center even in
the absence of transition metals.’%?) In contrast, ORR in
acidic media relies on the redox chemistry of the Fe—N_ active
moiety during the proton-coupled electron transfer.l>>] There-
fore, the acidic ORR in Fe-NCs relies strictly on the Fe—N,
active site number, accessibility, and coordination environment.
TAP-POP Mg 900@Fe displays a kinetic current density of
Jiin = 0.24 mA cm=2 at 0.8 Vg and a corresponding kinetic
mass activity of my;, = 0.92 A gr.c~', and TAP-POP 900@Fe a
Jiin = 0.09 mA cm™2 at 0.8 Vi and my;, = 0.35 A gp\ ' (Table
S3, Supporting Information). In addition, while TAP-POP Mg
900@Fe shows a negligible production of hydrogen peroxide
(H,0,% = 1.9%) with a number of electrons transferred of
approximately N = 3.96, in the case of TAP-POP 900@Fe the
selectivity toward the 2e~ process increases to approximately
H,0,% = 15% which corresponds to a number of electrons
transferred during ORR of N = 3.70 (Figure S14b,c, Supporting
Information). These results confirm that the Mg-mediated syn-
thesis yields more efficient Fe—NC oxygen reduction catalysts
by creating an adequate porous scaffold and avoiding the reduc-
tion of Fe-particles, leading to a higher number of atomically
dispersed Fe—N,.

Finally, given that the synthesis procedure employed in the
synthesis of TAP-POP Mg 900@Fe entails using large quan-
tities of magnesium chloride (1:8 wt. ratio for TAP-POP and
MgCl,-6H,0), we screened different ratios of Mg-precursors
with a lower amount of Mg (1:2 and 1:4) and with pyrolysis tem-
peratures of 900 and 1000 °C. These parameters strongly affect
the porous structure and nitrogen functionalities and, therefore,
the ORR activity of the final Fe—NC materials.

Alkaline ORR measurements (Figure 6b) showed that the
change in Mg-to-polymer ratio resulted in a slight increase in the
kinetic mass activity at 0.8 Vg, for TAP-POP Mg 900@Fe (1:4)
(30.7 £ 9.3 A g enc), compared to both 1:2 (23.1 + 1.7 A g™ rvc)
and 1:8 (12.1 + 0.4 A g7 ' .y, Table S2, Supporting Information).
The best performing TAP-POP Mg 900@Fe (1:4) was selected to
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study the electrochemical stability of the prepared materials as
well as the catalytic performance at industrially relevant current
densities employing an alkaline gas diffusion electrode (GDE,
Figure 6c¢). Fe-NC catalysts can degrade through different path-
ways: via Fe dissolution and reprecipitation, and via oxidation and
corrosion of the carbon framework induced by reactive oxygen
species.'**] Our group and others observed that, particularly in
the case of highly porous Fe-NCs,['?] the consumption of H* dur-
ing ORR leads to an increase of local pH, which promotes the
dissolution of Fe single sites,>! drives the reprecipitation of Fe
oxides. Upon accelerated stress tests, measured between 0.3 and
0.8 Vg, TAP-POP Mg 900@Fe (1:4) displays good stability, with
the kinetic current density decreasing to 7.7 + 0.7 mA cm™2 af-
ter 8000 cycles (Figure 6¢). The catalyst stability was further as-
sessed via chronoamperometry at 0.67 Vyy,; for 30 h, where TAP
POP Mg 900@Fe 1:4 showed an 17% decay in current density
(Figure S15, Supporting Information). TAP POP Mg 900@Fe 1:4
catalyst was further evaluated at fuel-cell relevant current densi-
ties in an alkaline GDE setup inspired by the design by Arenz
and co-workers.[5¢! Galvanostatic steps coupled with in-situ elec-
trochemical impedance spectroscopy®”! revealed a current den-
sity of 1Acm™ at 0.687 + 0.004 V. (Figure 6d), only 16 mV
lower than the optimized commercial benchmark PMFD1440 at
the same current density.l**] This demonstrates the ability of TAP
POP materials to operate at fuel-cell relevant current densities
(=1 A cm™?), highlighting their potential as a catalyst for alka-
line fuel cells. While this performance could be further improved
through membrane and ionomer optimization,*®! such a study
is beyond the scope of this work.

A further increase in the pyrolysis temperature to 1000 °C for
the materials prepared with 1:4 and 1:8 Fe ratios resulted in both
samples exhibiting identical catalytic activity (Figure S16a, Sup-
porting Information), reaching a kinetic current density J,;, of
7.03 mA cm~2 at 0.8 Vg, and a corresponding kinetic mass ac-
tivity my, =27 A grene ! witha HO; % < 2% (Figure S16b,c, Sup-
porting Information). Notably, the increase in temperature en-
hanced the catalytic activity of TAP-POP Mg 1000@ Fe (1:8), while
the activity of TAP-POP Mg 1000@Fe (1:4) slightly declined. The
enhanced catalytic activity can be attributed to: 1) the higher spe-
cific surface area that exposes more efficiently the active sites or 2)
a higher overall FeN, active site number. N,-physisorption for the
materials prepared with different Mg ratios confirms the higher
specific surface area of the materials prepared with lower Mg
content, as well as the microporous nature with narrow meso-
pores. TAP-POP Mg 900 @Fe (1:4) and TAP-POP Mg 900 @Fe
(1:2) display 1532 and 2160 m? g~ compared to 1023 m? g~! for
TAP-POP Mg 900 (1:8) (Figure S17a, Supporting Information).
The higher BET surface area and catalytic activity in the materi-
als prepared with lower Mg ratios (1:2, 1:4) suggest that, unlike
the case of organic molecular precursors, an excessively high Mg
content is not necessary to effectively form active sites when em-
ploying polymers. After increasing the pyrolysis temperature to
1000 °C, there is a notable increase in Sypr to 1551 m? g7! for
TAP-POP Mg 1000 @Fe (1:8) compared to 1023 m? g! for TAP-
POP Mg 900 (1:8). However, the increase in Sy is much more
subtle for a ratio of 1:4, rising from 1532 m? g=! at 900 °C to
1665 m? g=! at 1000 °C (Figure S17b, Supporting Information).

The markedly different pore structure observed in Mg-
templated M—NC materials derived from small molecules vs.
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Figure 7. Suggested supramolecular interaction between TAP and MgCl,-6H, O a) and between TAP-POP and MgCl,-6H, O b). Pyrolysis yield comparison
of different precursors c). Orange columns are obtained from this work, employing the porous organic polymer as a precursor. The remaining bars
are obtained by reproducing the synthesis previously reported by our group and others employing TAP[2%22] and adenine,!'®] urea-based cross-linked
precursors.[83-63] as reactants. The yield calculated here is the total reaction yield in weight, excluding the inorganic counterparts (as these are removed

via acid wash).

covalent organic polymers suggests fundamentally distinct be-
haviors during pyrolysis. Pampel et al. studied the effects of Mg
porogen content and pyrolysis temperature on the specific sur-
face area of nitrogen-doped carbons synthesized from an adenine
precursor.[?l They observed that adenine self-assembles around
MgCl,-XH,O via N—H—O hydrogen bonds during molten-state
pyrolysis,[*® producing tubular mesopores. Additionally, increas-
ing the pyrolysis temperature from 900 to 1000 °C resulted in
an overall decrease in specific surface area, while the variation
in Mg content did not exhibit a linear correlation with surface
area. In our previous work, we observed a similar behavior for
TAP, which, owing to its structural and functional similarity to
adenine, forms mesoporous carbons through supramolecular as-
sembly around the MgCl, hydrate template (Figure 7a).2%

In contrast, TAP-POP exhibits a fundamentally different py-
rolysis behavior. The differences in pore structure can be at-
tributed to the intermolecular interactions of the polymer with
the templating agent. While organic polymers display certain
flexibility, they are mainly rigid frameworks with a big molecu-
lar weight. Therefore, despite featuring multiple hydrogen bond
donors and acceptors, the polymer’s framework hinders the mo-
bility necessary for templated self-assembly.*®! Consequently, the
MgCl,-XH,O porogen is likely distributed within the intrinsic
micropores of the polymer, resulting in a carbon material that
is predominantly microporous after pyrolysis (Figure 7b).>]

The active site number depends, amongst others, on the metal
content, which was evaluated via Inductively Coupled Plasma —
Mass Spectrometry (ICP-MS, Figure S18, Supporting Informa-
tion). TAP-POP Mg 900@Fe (1:4) displays the highest Fe and Mg
loading (0.8 and 0.95 wt.%, respectively), which correlates with its
higher mass activity. While TAP-POP Mg 900@Fe displayed 2.5
wt.% Fe loading via XPS, ICP results show similar Fe loading to
TAP-POP Mg 900@Fe 1:4, (0.76 wt.%), suggesting the presence
of bulk Fe sites within the micropores, rather than on the surface.
Additionally, TAP-POP Mg 900@Fe shows much lower Mg con-
tent (0.56 wt.%). Finally, TAP-POP Mg 900@Fe (1:2) displays the
lowest metal loading (0.44 Fe wt.% and <0.1 wt.% Mg). Higher
pyrolysis temperature, however, slightly decreases the metal con-
tent, most likely originating from higher nitrogen release. There-
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fore, the slight increase in activity stems from enhanced specific
surface area in the case of TAP-POP Mg (1:8) (1551 vs. 1023 m?
g~1) with minor contributions from a higher electronic conduc-
tivity, rather than active site number. We hypothesize that the re-
tention of the Mg species arises from the microporous charac-
ter of the polymer precursor, which may not expose the MgN_
species efficiently in the cation exchange protocol, and the differ-
ent intermolecular interactions with the Mg-based salt compared
to organic building blocks. While an organic building block self-
assembles around MgCl,-6H, 0O, creating tubular channels,[?338]
enabling the formation of accessible Mg sites, in the case of
TAP-POP, MgCl,-6H,0 may be trapped in the micropore, and
therefore the resulting Mg sites are less available for Mg—Fe
exchange.

Overall, when comparing the catalysts prepared with 1:4 and
1:8 polymer:Mg ratios, we can observe that 1:4 displays both a
higher specific surface area as well as Fe loading. At 900 °C, TAP
POP 900@Fe (1:4) shows 1532 m? g~! and 0.8 wt.% Fe, while
TAP POP 900@Fe (1:8) displays 1023 m? g~! and 0.76 wt.%, sug-
gesting that the higher amount of exposed active sites plays a
crucial role. Therefore, in both cases, TAP POP 900@Fe (1:4)
provides a higher number of exposed active sites, enabled both
by the higher Fe loading and higher Sg;. Finally, to elucidate
the intrinsic activity of the active sites, we have calculated the
turnover frequency (TOF) at 0.8 Viyg g ree DY calculating a min-
imum and maximum FeN, site density based on the Fe content
from ICP-MS (SDycp). Then the TOF,;, can be calculated based
offthe SD,, and the TOF ,, can be estimated by assuming only
10% of the Fe is electrochemically accessible and utilised in FeN,
sites (Equations S1-S3, Figure S19, Supporting Information).[®]
This 10% electrochemical utilisation is comparable to values ob-
tained by microporous Fe-NCs from in-situ nitrite stripping (via
a five-electron process).l’! Interestingly, TAP POP 900@Fe (1:2),
despite showing slightly lower catalytic activity than TAP POP
900@Fe (1:4), it shows the highest TOF (3.03-30.3 e~ site™! 571,
TOF i max TESPECtively), arising from the substantially lower Fe
loading. Both materials prepared at 1000 °C show higher TOFs
than those prepared at 900 °C. TAP POP 1000@Fe (1:8), with
the lowest Fe loading (0.35 wt.%), results in the highest TOF
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out of the set of materials (4.47-44.8 e~ site™! s7!, TOF
respectively).

We would like to note that the remaining Mg species in the
materials, if accessible to the electrochemical media, could dis-
play certain catalytic activity for the ORR. Litster, Wu and co-
workers suggested that the introduction of Mg dopants in ZIF-
derived FeNCs substantially increased the stability, leading to
merely 4 mV loss after 30K accelerated stress cycles.[®!] Wang and
co-workers later showed similar insights where a MgCoNC ma-
terial displayed remarkable activity (comparable to Pt in 0.5 M
H,S0,), however, this catalyst comprised MgCo clusters as well
as CoNC sites.l%?] Therefore, we hypothesize that the enhanced
stability in such mixed metal Mg-based materials may arise from
aggregates, which are avoided in our materials due to the two-
step synthesis.

Liu et al carried out Density Functional Theory calculations on
magnesium single sites dispersed in nitrogen-doped carbon with
different coordination environments (MgN, _, , C).[*") They ob-
served that changing the coordination environment around Mg
disrupts the 3p Mg orbital filling, modifying the p-band centre
(the combination of partially filled and partially empty p-orbitals).
In particular, MgN, C, displayed the highest p-band centre com-
pared to MgN,C and MgN,C (MgN;C being too unstable), re-
sulting in the resonance state of the z electrons in the OH ad-
sorbates, which leads to a weaker adsorption strength and there-
fore a higher catalytic activity. The OH binding energy (AGgqys.)
was calculated and compared to a parameter of catalytic activ-
ity, resulting in a volcano plot, where MgN,C displayed a simi-
lar AGgyy. and onset potential to that of FeNC and Pt(111). We
have plotted the catalytic activity in terms of onset potential for
TAP-POP Mg 900 and TAP-POP Mg 900@Fe, along with the cal-
culated AGgy,. obtained by Liu et al. to elucidate whether the
MgN,C species within TAP-POP Mg 900 match the reported
MgN,C and MgN,C (Figure S20, Supporting Information). Our
experimental data, compared to the computed AG ;. show good
agreement in the case of the Fe-based materials and suggest that
TAP POP Mg 900 may comprise catalytically active MgN, moi-
eties rather than a tetracoordinated MgN,. However, given ni-
trogen functionalities in carbon are also active for alkaline ORR,
the reported onset may not entirely arise from Mg-based species.
Unequivocal proof of the Mg coordination environment, which
is beyond of this work, requires the combination of both theory,
experiment, as well as soft X-ray absorption spectroscopy.

Overall, while the pore structure leads to slightly lower ki-
netic mass activity in TAP-POP-based catalysts compared to
the Fe-NCs synthesized using TAP (30.7 + 9.3 A gronc!
vs. 42.1+10.1 for TAP900@Fe at 0.8 Vyyy5),[22) POP-derived M-
NCs exhibit substantially higher synthesis yields as shown in
Figure 7c and Table S4 (Supporting Information). The pyroly-
sis yields of the TAP-POP samples range from 29% to 46.6%,
whereas employing alternative organic precursors commonly
employed in the state-of-the-art, such as TAP,[2%?2] adeninel'®! or
urea-based cross-linked complexes!®] results in yields ranging
6-9.5 wt.%. We would like to note that while in the field of car-
bon materials and ionothermal pyrolysis, yields are typically re-
ported either as i) total yields including inorganic carrier residues
(metal oxides),[°*%”] or ii) carbon yields only,23%] we focus on the
yield of organic matter including C and N, which we believe pro-
vides a more meaningful metric to evaluate both carbon retention

min “max
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and nitrogen retention relevant for catalytic site density. These
results indicate a substantial improvement in material retention
during pyrolysis when using TAP-POP as the precursor, and a
step forward in the sustainability of Mg-mediated synthesis of
electrocatalysts.

To obtain further insights on active site structure and correla-
tion with catalytic activity, TAP-POP 900@Fe and TAP-POP Mg
1000@Fe (1:8) were subjected to XAS and highly sensitive cryo
X-band EPR. EPR was employed to study the unpaired electrons
in TAP-POP-derived materials (Figure S21, Supporting Informa-
tion). TAP-POP Mg 1000@Fe (1:8) showed a comparable EPR
spectra to previously reported TAP 900@Fe,[?°! showing signals
at g ~9.6, =6, ~4.3, and ~2. The g value at ~4.3 was previously
assigned to high-spin Fe3* sites with rhombic zero field splitting
(E/D=1/3),[°) meanwhile g ~9.6 was assigned to Fe3* with lower
rhombicity (E/ D<1/3)."l The weak and broad axial signals from
g ~6 and g ~2 can result from high-spin Fe** with large axial zero
field splitting from the square pyramidal or quasi octahedral co-
ordination. Part of the g ~2 signals also originates from the EPR
tube and resonator. In comparison, TAP-POP 900@Fe shows a
significantly reduced EPR response, indicating a lower concen-
tration of Fe* sites, in agreement with XRD and HAADF-STEM
data. It should be noted that cryo X-band EPR cannot probe spin-
silent Fe?* sites.

The normalized X-ray Absorption Near-Edge Structure
(XANES) spectra of TAP-POP 900@Fe, TAP-POP Mg 900@Fe,
and TAP-POP Mg 1000@Fe (Figure 8a) show edge positions
between Fe(0) and Fe(IIl) references, indicative of partially
oxidized iron species. Based on a linear calibration using Fe(0),
FeO (Fe?*), and Fe,0; (Fe**) standards, the average oxidation
state was determined as +1.90 for TAP-POP 900@Fe, +1.73 for
TAP-POP Mg 900@Fe, and +1.94 for TAP-POP Mg 1000@Fe
(Figure 8b). Interestingly, this oxidation state differs to those
recently published by us employing Fe coordination in Mg-
templated materials, with Fe often present in its majority as
pentacoordinatd Fe** high spin enabled by the 2D-like structure
of the support.?*3”] The lack of a pre-edge structure (observed in
hemin arising from the square planar Fe—N, site with a chloride
axial ligand) in the TAP-POP derived materials suggests a low
concentration of such active sites despite Fe** being observed
in EPR. This fact may arise from the different morphology and
pore structure of the C—N based scaffold; we previously observed
that a highly mesoporous graphene-like support facilitates Fe**
high spin as the majoritarian active site (41% obtained via > Fe
Méssbauer Spectroscopy).[2) Given TAP-POP is predominantly
microporous, steric constraints may not allow for axial ligands
in the Fe-based active sites, leading to a low-spin square pla-
nar Fe?*-N,. Such insights were also observed by Jaouen and
co-workers, who employed ’Fe Méssbauer Spectroscopy and
DFT Calculations, elucidating that high-spin Felll active sites
correspond to surface-exposed sites, whereas low spin Fell
species correspond to bulk sites that are less accessible to O,.l"!]
Furthermore, such microporous character renders the Mg-based
species inaccessible to the Fe* solution employed in the metal
coordination step (as observed via ICP-MS), suggesting that Fe**
is both coordinated in empty nitrogen pots as well as replacing
Mg?* (Figure S22, Supporting Information).

The slightly higher average Fe oxidation state in TAP-POP
Mg 1000@Fe compared to TAP-POP 900@ Fe matches with its
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Figure 8. Normalized Fe K-edge XANES spectra of TAP-POP 900@ Fe, TAP-POP Mg 900@Fe, and TAP-POP Mg 1000@Fe a). The edge position of each
sample falls between FeO and Fe,O; standards, confirming the presence of mixed-valence Fe centers. Estimated average oxidation states (AOS) based

on linear calibration against Fe(0), FeO, and Fe,O; references (b).

higher concentration of Fe** observed from EPR and with the
higher specific surface area. These results confirm the presence
of partially oxidized, non-metallic iron centers in all three sam-
ples. The corresponding Fourier-Transformed Extended X-ray
Absorption Fine Structure (FT-EXAFS) spectra (Figure S23, Sup-
porting Information) display dominant contributions at ~1.5 A
(uncorrected phase), consistent with Fe-N, scattering in atom-
ically dispersed sites. Importantly, there are no significant fea-
tures at 2.2 A for TAP-POP 900@Fe, TAP-POP Mg 900@Fe, and
TAP-POP Mg 1000@Fe, suggesting a lack of Fe—Fe scattering
paths. Wavelet transform (WT) analysis (Figure S24, Supporting
Information) further supports the absence of Fe—Fe coordina-
tion. All samples exhibit a main intensity feature centered at low
k (=4.5 A1), associated with Fe—N backscattering. Notably, no
high-k intensity lobes are present in any of the samples, which
would indicate Fe—Fe coordination.[”?] This data contradicts the
Fe-based aggregates observed via HAADF-STEM in the case of
TAP-POP 900@Fe (Figure 5; Figure S10, Supporting Informa-
tion) and indicates that EXAFS may not be sensitive enough to
differentiate single atoms and small clusters in some cases due to
the polydispersity and disorder effects, as previously observed by
others.[”3! The discrepancy between these techniques may arise
from the small concentration of Fe clusters observed in STEM,
which may be below the detection limit of the laboratory XAS
device and therefore not suitable to clearly resolve Fe—Fe bonds.

We would like to note that the shoulder ~2.5 A in TAP-POP
Mg 900@Fe and TAP-POP Mg 1000@Fe is not pronounced and
could originate from slight surface oxidation due to air exposure
of the sample. This is in line with previous studies showing the
formation of weak Fe—O contributions in Fe—N—C catalysts af-
ter prolonged storage or ex situ handling.”*) Comparison with
FT-EXAFS profiles of Fe-based oxides supports this interpreta-
tion, as oxidized Fe—O environments contribute in this range,
without implying metallic Fe clustering. TAP-POP 900@ Fe, how-
ever, lacks a scattering contribution at 2.5-2.6 A, suggesting a
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different coordination environment with a less defined atomic
environment compared to the Mg-templated materials. Overall,
XAS analysis demonstrates that all three Fe—NC materials con-
tain predominantly atomically dispersed Fe—N, sites. The small
oxidation-state shift in TAP-POP Mg 900@ Fe may reflect subtle
structural modifications due to Mg templating, while the weak
FT-EXAFS signal above 2.0 A is best attributed to limited surface
oxidation, or enhanced structural ordering rather than nanopar-
ticle formation. To provide further structural insights, we per-
formed FEFF-assisted EXAFS fitting on TAP-POP Mg 900@Fe
using a porphyrinic Fe-N—C cluster with Fe—N (CN = 4) and
the porphyrinic Fe—C ring (CN = 8) constrained by FEFF degen-
eracy (Table S5 and Figure S25, Supporting Information). The
model reproduces the data and gives R(Fe—N) =~ 2.00 + 0.03 A
and R(Fe—C) ~ 3.00 + 0.08 A. Incorporating O into the first shell
does not improve the fit within the available Ak; the weak feature
above 2 A is consistent with minor air-formed Fe—O, not Fe—Fe,
in line with WT (no high-klobe). For TAP-POP 900@ Fe and TAP-
POP Mg 1000@Fe, FT/WT overlays and a first-shell Fe—N check
confirm single-site Fe—N, and absence of Fe—Fe.

Along with EPR and HAADF-STEM, XAS results collectively
demonstrate the importance of synthesis methodology in tailor-
ing the structure of Fe sites. Mg-templated catalysts exhibit well-
dispersed Fe—N; sites, crucial for high ORR activity. In contrast,
TAP-POP 900@Fe, characterized by low levels of Fe aggrega-
tion, even below the detection limit of XAS, exhibits reduced
catalytic performance owing to the Fe-catalyzed graphitization,
which leads to closed pores and low specific surface areas.

3. Conclusion

In summary, a microporous TAP-based porous organic polymer
was synthesized via a simple catalyst-free Schiff base conden-
sation between TAP and terephthalaldehyde and employed as a
scaffold for Fe—NC synthesis. Its Mg-templated pyrolysis results
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in a highly porous C—N framework with a record high synthesis
yield for Mg-based materials (>45% depending on Mg:polymer
ratio and pyrolysis temperature). The materials display high Sypr
surface area ranging 1000-2100 m? g~! and hierarchical porosity;
therefore, low temperature Mg exchange by Fe results in Fe—NC
oxygen reduction catalysts with efficient mass transport prop-
erties and catalytic activities both in alkaline and acidic media
and in a GDE setup. Both XAS and HAADF STEM show that
while Mg transmetallation leads to Fe—NC catalysts without any
trace of undesirable Fe-species, the reference direct synthesis,
prepared by pyrolysis of Fe-coordinated POP, showed the pres-
ence of iron aggregates in a graphitic carbon support, formed by
carbothermal reduction of iron ions, which hinders specific sur-
face area and catalytic activity. This work, therefore, emphasizes
the crucial role of precursor design and Mg-based Lewis acids
in avoiding metal aggregation of Fe-based species and opens the
gate toward the high-yield, sustainable synthesis of tailored elec-
trocatalysts with tailored active site coordination environment
and accessibility.

4. Experimental Section

Synthesis of the TAP-POP Precursor Material: ~ 2,4,6-Triaminopyrimidine
(Sigma—Aldrich 97%, 8 mmol) and terephthalaldehyde (Sigma-Aldrich
99%, 12 mmol) were dissolved in DMF (32 mL). The reaction mixture was
then transferred into a Teflon-lined autoclave (50 mL) and was kept inside
of a furnace at 150 °C for 72 h. The polymer was then isolated from the
remaining solvent by means of centrifugation (10 min at 10 000 rpm) and
subsequently washed thoroughly with dichloromethane, tetrahydrofuran,
and acetone. Finally, the polymer was obtained as a yellow/orange powder
(Figure S1, Supporting Information) and dried overnight at 80 °C in an
oven. Fe-coordination in TAP-POP was carried out by dispersing TAP-POP
(500 mg) in MeOH (25 mL) and stirred for 15 min at room temperature in
a beaker (50 mL) using a magnetic stir bar. To impregnate the TAP-POP, 57
mg of FeCl, (corresponding to 5 wt.% of Fe?*) were dissolved in MeOH
(10 mL) and added to the TAP-POP reaction mixture, which was left to stir
overnight (600 rpm, room temperature).

Synthesis of TAP-POP 900@ Fe:  The Fe-coordinated POP was placed in
an alumina ceramic crucible (filled 1/3rd with material) and calcined in a
tube furnace with 300 mL min~' N,, at 900 °C, 5 °C min~! heat rate, 1h
dwell time. After cooling down naturally from pyrolysis, the non-washed
sample was recovered as a black powder (yield: 42.5%). To remove unde-
sired Fe aggregated species, the material was acid-washed (0.5 m H,SO,,
40 mL, 24 h). The final product was then filtered, washed thoroughly with
Dl water, and dried in an oven (80 °C) overnight (80 mg, yield: 80%), which
was labelled TAP-POP 900@ Fe.

Synthesis of TAP-POP Mg T@Fe (1:X): The previously synthesized
TAP-POP was mixed with magnesium chloride hexahydrate, using differ-
ent weight ratios (see Table S3, Supporting Information), and ground to-
gether with a dried pestle and mortar. The mixture was then placed in an
alumina ceramic crucible (filled 1/3rd with material) and pyrolyzed in a ce-
ramic tube furnace n 300 mL min~" N, at 900 or 1000 °C (T), 5 °C min~!
heat rate, dwell time 1 h. The materials were collected, ground to fine
powder, and washed with hydrochloric acid (2 m HCl, 40 mL) overnight
to remove remaining Mg species. After the washing process, the pow-
ders were filtered and rinsed thoroughly with distilled water, dried at 80 °C
in an oven, and recovered as a black powder, labelled TAP-POP Mg 900.
Fe was coordinated to the resulting Mg-templated porous carbon mate-
rials employing a low-temperature wet impregnation method. In detail,
the TAP-POP Mg 900 material (60 mg) was placed in a round-bottom
flask (250 mL) along with MeOH (75 mL) under vigorous stirring until
a homogeneous dispersion was observed. Then, a FeCl, solution (75 mL,
25 x 1073 mol L’1) in methanol was added, and the mixture was put un-
der reflux (90 °C, 24 h). After Fe-transmetalation, the product was filtered
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using a Biichner flask and rinsed with MeOH. To remove any unwanted Fe
aggregated species, the material was acid-washed (0.5 m H,SO,, 40 mL,
24 h). The final product was then dried in an oven (80 °C) overnight and
received as a fine black powder, which was labelled TAP-POP Mg 900@Fe.
The pyrolysis yield of the materials is calculated using (Equation 1):

Mass of N — doped carbon

Yield (wt%) =
teld (wt%) Mass of starting polymer

100 )

Electrochemical Measurements:  An ink was prepared by mixing the cat-
alyst material (4 mg) in a small sample vial with MilliQ-H,O (480 uL),
iPrOH (480 uL, 99.5% HPLC grade, Thermo Scientific), and a Nafion so-
lution (40 pL, 5 wt.% in lower aliphatic alcohols and water, FujiFilm). The
ratio between catalyst, MilliQ-H,O, iPrOH, and Nafion was always left the
same. The resulting mixture was dispersed using an ice-cooled bath soni-
cator (30 min, 25 °C, 132 kHz ultrasonic cleaner, VWR). 12.7 pL of the final
ink was then spread on the top of the 5 mm diameter (Area=0.19635 cm?)
glassy carbon (Metrohm) in three repetitions (>4 pL at a time) by drop-
casting. After removing any air bubbles in the ink, the electrode was then
dried through rotation (300 rpm) and heated with a hair dryer to speed up
the evaporation of all the solvents, resulting in a thin film layer with a cat-
alyst loading of 260 ugg.nc cm™2. Based on a typical Fe-NC density of 400
mMgeenc M3, this equates to a film thickness of 6.5 um.[2] Electrochem.-
ical oxygen reduction tests were carried out in a glass cell using a three-
electrode setup. The catalysts have been tested both in alkaline (0.1 m
KOH, 99.995% Suprapur, Merck) and acidic (0.1 m HCIO,, TraceSELECT
Ultra) media. When tested in alkaline media, a mercury/mercury oxide
(Hg/HgO, 6 mm, als-Japan, filled with 0.5 m NaOH) reference electrode
was used. The Hg/HgO reference electrode was calibrated in a separate
cell with 0.1 M KOH purged with hydrogen (1 bar) for 10 min. During the
calibration, a3 mm Pt RDE tip (Metrohm) working electrode was rotated at
1600 rpm for five cyclic voltammograms at 10 mV s™' between —0.88 and
—0.92 V vs. Hg/HgO with a Pt rod (Metrohm) and Hg/HgO as a counter
and reference electrode, respectively. An average value for the conversion
between Hg/HgO and RHE was obtained from the forward and backward
scans at zero current.[*] The same calibration protocol was also used for
the Ag/AgCl reference electrode (Metrohm, saturated KCI) by cycling be-
tween —0.26 and —0.28 V vs. Ag/AgCl in 0.1 m HCIO,. The counter elec-
trode is a glassy carbon rod (HTW Hochtemperatur-Werkstoffe GmbH) in
both alkaline and acidic electrolytes.

To measure cyclic voltammograms, the electrolyte is filled into a glass
cell and saturated with N, for 30 min. First, the solution Ohmic drop, R,
is determined via electrochemical impedance measurement (107°-10 Hz
at open circuit potential) and by taking the intercept of the imaginary
impedance axis in the Nyquist plot. After that, all cyclic voltammograms
are measured between 1.0 and 0.3 Vg in alkaline and 0.9 and 0.3 Vg
in acidic. First, ten cyclic voltammograms are recorded at a scan rate of
50 mV s~ and 1600 rpm, after that, three more cycles are recorded at
10 mV s~" and 1600 rpm. After switching to O, and purging for 30 min, the
same measurement at 10 mV s~ and 1600 rpm is performed. Finally, the
pseudocapacitance was corrected for by subtracting N,-saturated mea-
surements at 10 mV s~" and 1600 rpm from the O,-saturated results.

The kinetic current density (j;,) was calculated using the Koutecky-
Levich equation (Equation 2):

o Jd Jiim

gy = J2 i @
" Jim —Jd

where j; is the geometric disk current density at 0.8 Vi, jii, the geometric

diffusion-limited current density at 0.30 V. Using kinetic current den-

sity (jiin) the Kinetic mass activity (my;,) at 0.8 Ve was also calculated
using the following equation (Equation 3):

jkin
o= 3
Mkin Loadingg,nc @)

where Loadingg,nc is the catalyst loading on the RDE.
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To calculate the number of electrons transferred and to quantify the per-
centage of hydrogen peroxide (H,0O,) in acidic and peroxide (HO, ™) in an
alkaline medium, electrochemical measurements in a Rotating Ring Disk
Electrode (RRDE) setup are carried out. The setup, ink formulation, param-
eters, and loading are identical to the RDE setup. The Pt ring around the
glassy carbon disk was set to a voltage of 1.28 V¢ The following equation
(Equation 4) was used to calculate the number of electrons transferred (n)
by using the disk and ring current:

|
n==4. d

- )
Id + N_c

where N is the measured collection efficiency (16.15%), I, the disk cur-
rent, and |, the ring current. The collection efficiency calibration and mea-
surement were obtained by following the protocol from Zhou et al.[38]

For this purpose, a chronoamperometric measurement (60 s) was
conducted using the same cell configuration as described above
(260 pgrene cm~2 loading, 1600 rpm) under N,-saturated conditions. Ad-
ditionally, 0.004 m K;Fe(CN)¢ was added, with the disk and ring set to
0.1V and 1.28 Vgyg, respectively. The last 10 s of chronoamperometry
were averaged to obtain [, and I, which allowed us to calculate N¢ using
Equation (5):

N, =12 (5)

where |5 is all the anodic currents which do not come from the reduction
of Fe(CN)¢*~ on the disk.

Finally using I, 1;and N, we used Equation (6) to calculate the percent-
age of hydrogen perOX|de (H 0,) inacidic or peroxide (HO, ™) production:

Z |,~

H,0,% =2 - -100 ()

+

Iy /:T

GDE Measurements:  Electrochemical characterization at fuel-cell rel-
evant current densities was performed in the same GDE cell used in our
previous work,[22] employing a potentiostat (PGSTAT204) equipped with
an FRA32M module and BOOSTERT0A (Metrohm). Catalyst inks were pre-
pared by ultrasonically mixing 30 mg of TAP-POP 900@ Fe (1:4), Nafion D-
521 solution (5 wt.% in water/1-propanol, Alfa Aesar), and a 50/50 vol%
IPA/water mixture for 30 min in an ice-cooled bath sonicator (132 kHz,
VWR), followed by overnight stirring. The inks were deposited using a
Sono-Tek ExactaCoat ultrasonic sprayer (120 kHz, 1.7 W) onto the hy-
drophobic side of a 5 cm? GDL (H23-C8, Freudenberg) at 0.3 mL min~!
in a serpentine pattern, with the substrate maintained at 90 °C on a vac-
uum plate (1.7 psi air shaping). An ionomer-to-carbon (I/C) ratio of 1.2
was selected based on the specific surface area of the catalyst material.[2']
The GDL was weighed before and after catalyst spraying to determine the
cathode catalyst loading, which was 1.22 mg cm™2.

The anion exchange membrane (Sustainion X37-50 Grade 60, Fuel Cell
Store) was activated by soaking in T M KOH for 24 h prior to GDE testing.
For electrode assembly, 3 mm circular GDEs were punched and inserted
into matching holes in the GDL. The membrane was placed between the
upper cell body and the GDL, with the catalyst layer facing the membrane.
The lower cell body with flow field was connected to a pre-bubbler and
gas flow meter (250 mL min~"). A Pt coil served as the counter electrode
and a reversible hydrogen electrode (HydroFlex, Biologic) as the reference.
The upper compartment was filled with 15 mL of 1 m KOH (99.995%
Suprapur).

The catalyst layer was conditioned by potential cycling between 0.06
and 1.10 Vg in N, atmosphere until a stable cyclic voltammogram was
obtained. This procedure consisted of 20 cycles at a scan rate of 50 mV
s7!, followed by 10 cycles at 500 mV s~'. Prior to ORR measurements,
the working electrode was wetted with humidified O, (250 mL min~")
for 15 min. Galvanostatic steps coupled with electrochemical impedance
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spectroscopy (EIS) were then performed. Current steps were applied with
corresponding hold times: —0.1 mA cm~2 (90 s); —1 and —2.5 mA cm~2,
and =5 and —10 mA cm—2 (30's); and —25, =50, —100, —250, —500, and
—1000 mA cm~2 (10 s). At each step, an EIS spectrum was recorded in
the frequency range 10-0.1 kHz with 10 points per decade. Post-correction
was applied at 100%, with the perturbation amplitude set to 10% of the ap-
plied current (minimum 5 mA cm~2). The uncompensated resistance was
determined from the impedance magnitude at the frequency (>1000 Hz)
where the phase angle approached 0°.
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Supporting Information is available from the Wiley Online Library or from
the author.
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