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FeNC Oxygen Reduction Electrocatalyst with High Utilisation Penta-coordinated sites

Atomic Fe in N-doped carbon (FeNC) electrocatalysts for oxygen (O 2 ) reduction at the cathode of proton exchange membrane fuel cells (PEMFCs) are the most promising alternative to platinum-group-metal catalysts. Despite recent progress on atomic FeNC O 2 reduction, their controlled synthesis and stability for practical applications remains challenging. A two-step synthesis approach has recently led to significant advances in terms of Fe-loading and mass activity; however, the Fe utilisation remains low owing to the difficulty of building scaffolds with sufficient porosity that electrochemically exposes the active sites. Herein, we addressed this issue by coordinating Fe in a highly porous nitrogen doped carbon support (~3295 m 2 g -1 ), prepared by pyrolysis of inexpensive 2,4,6triaminopyrimidine and a Mg 2+ salt active site template and porogen. Upon Fe coordination, a high electrochemical active site density of 2.54×10 19 sites g FeNC -1 and a record 52% FeN x electrochemical utilisation based on in situ nitrite stripping was achieved. The Fe single atoms are characterised pre-and post-electrochemical accelerated stress testing by aberration-corrected high-angle annular dark field scanning transmission electron microscopy, showing no Fe clustering. Moreover, ex situ X-ray absorption spectroscopy and low-temperature Mössbauer spectroscopy suggest the presence of penta-coordinated Fe sites, which were further studied by density functional theory calculations.

Introduction

Fe single atoms in nitrogen-doped carbon supports (FeNC) have emerged during the last decades as a promising cheap and accessible alternative electrocatalyst to precious group metals (PGMs) in the cathode of low temperature proton exchange membrane fuel cells (PEMFCs). Since Jasinski identified Fe macrocycles as promising PGM-free catalysts, [1] plenty of research has been devoted to improve the activity and stability of iron based catalysts for PEMFC cathodes, whose performance nearly equals that of Pt/C in fuel cells. [2][3][4][5][6] One of the most common approaches to improve the catalytic performance of FeNC materials is to enhance their intrinsic catalytic activity by modulation of the local coordination environment, for example by creating dual metal atom catalysts [7,8] or introducing axial ligands. Different FeN x active site axial ligands have been recently proposed following in situ Mössbauer, x-ray absorption spectroscopy, nuclear inelastic scattering or electron paramagnetic resonance. [9,10] Some of them bearing close resemblance to biological systems, [11] such as N axially coordinated FeN 4 sites resembling heme. [12] However, spectroscopic discernibility is often challenging in these typically heterogeneous FeNC catalysts, [13] therefore experimental structure-activity correlations are hard to conclude. To overcome experimental limitations, the effect of O axial ligands on model FeNC systems has been calculated by density functional theory, [14,15] although the effect of other possible axial ligands on different Fe sites (pyridinic and pyrrolic) has not been fully considered. [16] Alternatively, to improve catalyst performance, the number of active sites can be increased, an approach which has shown significant progress in recent years. [17] To selectively form a high density of atomic Fe sites and avoid undesired Fe-induced carbothermal reduction, Fellinger and coworkers first identified that the high temperature pyrolytic step (800-1000ºC) should be decoupled from the Fe loading, by using a suitable N x site template. [17][18][19][20] The decoupled two-step synthetic approach to prepare FeNC O 2 reduction catalysts has led to remarkable progress; Mehmood et al. recently showed bulk FeN x site density (SD Mössbauer, , Eq. 1-2) up to 7.4×10 20 sites g FeNC -1 . The reported in situ nitrite stripping site density (SD nitrite , Eq. 3) was high at 4.67×10 19 sites g FeNC -1 , although the electrochemical utilisation of the total Fe (Utilisation Nitrite/ICP Eq. 4) and FeN x sites (Utilisation Nitrite/Mössbauer , Eq. 5)

were both only 6%. [18] They additionally calculated that surface (accessible) FeN x site density is restricted to ~10 21 sites g FeNC -1 , meaning their bulk (inaccessible) FeN x site density approached this limit, while there was plenty of scope to increase their surface FeN x site density. [18] It should also be considered that, at such high site density, the turnover frequency (TOF) may be constrained by electrical conductivity due to the high N-content. Nevertheless, for comparison, 3 nm diameter Pt nanoparticles (typical of commercial Pt/C) are geometrically constrained to ~35% of Pt atoms exposed on the nanoparticle surface. [21] Additionally, in cathodes of PEMFC, the ratio of specific Pt surface area (m 2 g Pt -1 ) to that of Pt catalyst (m 2 g Pt -1 ) is in range of ~70-90%, depending on preparation.

Therefore, the electrochemical utilisation of the total Pt content at the PEMFC cathode is expected to be ~25-32% for 3 nm Pt, [22] with Pt surface site density of 1.31×10 21 sites g Pt -1 (electrochemical surface areas of 100 m 2 g Pt -1 in PEMFCs of 2.8 nm Pt nanoparticles). [18] This demonstrates improvements in accessible surface FeN x active sites are required to compete with Pt/C site densities.

Reported FeNC cathode catalyst layers in PEMFCs often possess thicknesses of ~100 µm, where transport resistances severely limits practical operation. [23,24] Ideally thicknesses should not exceed ~10 µm to minimise debilitating mass transport. [25] This means the total possible FeN x sites in PEMFCs are restricted in terms of both sites g FeNC -1 and sites cm FeNC -3 . Therefore, methods for maximising the electrochemical accessibility of Fe within FeN x sites in FeNC catalysts are critical to their optimisation and competition with PGM catalysts. By doing so, such catalysts could finally exploit the described theoretical benefit of atomically dispersed active sites with 100% utilisation of the metal. Excellent gas accessibility of FeN x sites has already reached 100% as determined by ex situ cryo CO sorption. [17] However, to date, there has been limited progress in maximising the ratio of electrochemically accessible active sites. For optimal electrochemical utilisation of FeN x in PEMFC, the active site is best located at the triple phase boundary (carbon (e -), ionomer (H + ), and O 2 ). A utilisation metric of FeN x sites was first established in 2015, [26] and later the exemplary work of Wan et al. [27] identified mesoporosity was critical in achieving their record Utilisation Nitrite/ICP and Utilisation Nitrite/Mössbauer of 43% with their FeNC, although at low SD nitrite of 1.32 ×10 19 sites g FeNC -1 . They also found rapidly decreasing utilisation with increasing SD nitrite . [27] Other rotating disc electrode-based studies show Utilisation Nitrite/ICP based on in situ nitrite stripping (typically 0.2 mg FeNC cm -2 , ~5 µm thickness) often remain <10%. [28] Even lower electrochemical active site utilisation values are expected in PEMFCs where the active sites are commonly embedded in a thick catalyst layer (4 mg FeNC cm -2 , ~100 µm). To obtain maximum Fe utilisation, materials that display both defined Fe-N x sites and a hierarchical porous structure that allows an efficient O 2 transport and ionomer coverage are highly sought after. Zeolitic imidazolate framework-8 (ZIF-8) has been widely explored as a suitable template for porous carbons for electrocatalysis owing to its stable Zn-N 4 template and high specific surface area. [29,30] However, ZIF-8 is an entirely microporous material, requiring a post-synthetic heat treatment step to either open up the pore structure using dicyanamide [18] or CVD, [17] or incorporating mesoporosity via harsh silica template etching. [27,31] Herein, we describe a facile method to prepare FeNC materials with a record high FeN x electrochemical utilisation by using a Mg 2+ salt as an active site template and porogen, along with an alternative organic precursor, 2,4,6-Triaminopyrimidine (TAP) to prepare a highly porous N-doped carbon host for Fe coordination. Mg 2+ , unlike Fe (which forms nitrides and carbides upon pyrolysis), is a lews acid metal cation which templates the formation of N x moieties and generates porosity. TAP interacts efficiently with the water molecules of the hydrated Mg 2+ salt and melts upon pyrolysis to enable an efficient polymerization and a homogeneous distribution of Mg throughout the material. Fe is subsequently coordinated in the available N pyridinic moieties within the high specific surface area nitrogen-doped carbon (~3295 m 2 g -1 ) through low-temperature wet impregnation resulting in highly available FeN x active sites. The polymerization pathway and growth of the prepared materials is thoroughly studied by means of thermo-gravimetric analysis coupled to mass spectrometry, solid-state nuclear magnetic resonance, and X-ray photoelectron spectroscopy amongst others. The atomic Fe dispersion is confirmed by scanning transmission electron microscopy and energy dispersive x-rays, while the active site structure is elucidated through X-ray absorption spectroscopy, electron paramagnetic resonance and low temperature Mössbauer spectroscopy, where the dominant FeN x site is found to be penta-coordinated by an axial ligand. The performance of the catalysts for O 2 reduction is evaluated in acidic media with rotating disk electrode measurements, where a high site density, low turnover frequency, and high utilisation can be obtained from in situ nitrite stripping. Finally, density functional theory (DFT) is used to evaluate the influence of axial ligands on model FeN 4 pyridinic and pyrrolic sites O 2 reduction activity, where a large change in OH binding energy, and therefore activity, is observed for varying axial ligands compared to a plain FeN 4 site.

Experimental section

Synthetic procedures

2,4,6-triaminopyrimidine (97% Sigma Aldrich) and magnesium chloride hexahydrate (99% Sigma Aldrich) were ground with a pestle and mortar in a weight ratio of 1:8 and the mixture pyrolyzed in a ceramic crucible (filled 1/3 rd with material) at 800-1000C for one hour (at set temperature) under N 2 atmosphere (>99.998%, BOC) with 300 mL min -1 flowrate and 5C min -1 heating rate. The materials were collected, ground to fine powder, and washed with 2 M HCl (prepared by dilution of fuming 37% HCl, Merck) overnight to remove remaining MgCl 2 and MgO species. After the washing process, the powders were filtered, rinsed thoroughly with distilled water, dried at 80 C under vacuum and labelled as TAP X (Where X denotes the pyrolysis temperature).

FeCl2 Preparation (for Mössbauer)

The iron precursor iron chloride 57 FeCl 2 was firstly prepared. 57 Fe (250 mg, Iron-57, 99.9% purity with 95.5% 57 Fe, Cambridge Isotope Laboratories) was added into a 1:1 37% HCl (Analytical reagent grade, Fisher Chemical) and H 2 O solution (50 mL), then reflux (115 o C) was performed for 3h until everything was dissolved. Finally, 57 FeCl 2 was obtained after leaving solution evaporating under vacuum at 60 °C for 3 hours, then 80°C overnight and freeze drying overnight.

Fe coordination

Fe was coordinated in the nitrogen moieties of the prepared TAP materials employing a low-temperature wet impregnation method in methanol reflux. [19,32] In this process, 60 mg of TAP material was placed in a 250 mL round-bottom flask along with 75 mL MeOH (AnalaR NORMAPUR Reag. Ph. Eur., ACS, VWR) under vigorous stirring until a homogeneous dispersion was observed. Then, 75 mL of an FeCl 2 (98% Sigma Aldrich) solution in methanol (25×10 -3 M) were added and the mixture was subjected to reflux at 90 C for 24 h. After Fe-coordination, the product was filtered, rinsed with MeOH, and washed with 0.5 M H 2 SO 4 (95-98% Sigma Aldrich) overnight to remove Fe aggregated species. Finally, the obtained TAP @Fe materials were filtered, rinsed abundantly with distilled water and dried at 80 C under vacuum.

Site Density, Utilisation and Turnover Frequency

The total Fe site density of the bulk catalyst can be found from the Fe content based on ICP-MS measurement, SD ICP (sites g FeNC -1 ), according to:

𝑺𝑫 𝑰𝑪𝑷 = (𝑭𝒆 𝑰𝑪𝑷 /𝟏𝟎𝟎) × 𝑵 𝑨 𝑴 𝑭𝒆 Eq. 1
Where Fe ICP is Fe wt.% determined by ICP-MS and M Fe is the molar mass of Fe (55.845 g mol -1 ).

The FeN x site density of the bulk catalyst based on low-temperature Mössbauer spectroscopy, SD Mössbauer (sites g FeNC -1 ) can be found from the percentage of doublet species assigned to FeN x sites, FeN x (Mössbauer) (%):

𝑺𝑫 𝑀ö𝑠𝑠𝑏𝑎𝑢𝑒𝑟 = (𝑭𝒆𝑵 𝒙(𝑀ö𝑠𝑠𝑏𝑎𝑢𝑒𝑟) /𝟏𝟎𝟎) × 𝑺𝑫 𝑰𝑪𝑷 Eq. 2

In situ nitrite stripping site density was determined using the following equation:

𝑺𝑫 𝑵𝒊𝒕𝒓𝒊𝒕𝒆 = 𝑸 𝒔𝒕𝒓𝒊𝒑 × 𝑵 𝑨 𝑭 × 𝒏 𝒔𝒕𝒓𝒊𝒑 Eq. 3
Where SD Nitrite is the site density according to nitrite stripping (sites g FeNC -1 ), Q strip (C g FeNC -1 ) is the nitrite reductive stripping charge determined from the stripping peak, n strip is the number of electrons associated with the reduction of one adsorbed nitrosyl per site and its value is assumed as five, N A is Avogadro's constant (6.023×10 23 mol -1 ) and F is Faraday's constant (96,485 C mol -1 ).

Two utilisation percentages of FeN x sites can be calculated according to the following:

𝑼𝒕𝒊𝒍𝒊𝒔𝒂𝒕𝒊𝒐𝒏 𝑵𝒊𝒕𝒓𝒊𝒕𝒆/(𝑀ö𝑠𝑠𝑏𝑎𝑢𝑒𝑟) = 𝑺𝑫 𝑵𝒊𝒕𝒓𝒊𝒕𝒆 𝑺𝑫 (𝑀ö𝑠𝑠𝑏𝑎𝑢𝑒𝑟)
× 𝟏𝟎𝟎(%) Eq. 4 and reference electrode, respectively. An average value for the conversion between Ag/AgCl sat and RHE was obtained from the forward and backward scans at zero current. [33] Cyclic voltammograms were obtained after purging the electrolyte for at least 15 min and recorded at 50 mV s -1 at 0 rpm for N 2 saturated (measurements at 10 th cycle displayed), and 10 mV s -1 at 1,600 rpm when the electrolyte was saturated with O 2 or N 2 (measurements at 3 rd cycle displayed). The pseudocapacitance was corrected for by subtracting N 2 saturated measurements at 1,600 rpm from the O 2 saturated results. In the case of the best performing material (observed in the cathodic scans of the cyclic voltammograms under O 2 at 1600 rpm), electrochemical measurements were repeated 5 times.

𝑼𝒕𝒊𝒍𝒊𝒔𝒂𝒕𝒊𝒐𝒏
The kinetic current density (j kin ) at 0.80 and 0.85 V RHE was determined from the geometric disk current density (j d ) and geometric diffusion-limited current density (j lim ) at 0.3 V RHE according to the Koutecký-Levich Equation 1:

𝒋 𝒌𝒊𝒏 = 𝒋 𝒅 × 𝒋 𝒍𝒊𝒎 𝒋 𝒍𝒊𝒎 -𝒋 𝒅 Eq. 6
Subsequently, the kinetic mass activity at 0.80 and 0.85 V RHE can be found:

𝒎 𝒌𝒊𝒏 = 𝒋 𝒌𝒊𝒏 𝑳𝒐𝒂𝒅𝒊𝒏𝒈 𝑭𝒆𝑵𝑪 Eq. 7
Where m kin is the kinetic mass activity at 0.80 or 0.85 V RHE (A g FeNC -1 ) and Loading FeNC is the catalyst loading on the RDE (mg FeNC cm -2 ).

Electrochemical measurements were carried out in a RRDE to calculate the number of electrons transferred. The ink formulation and loading were identical to those used during RDE measurements. The Pt ring was set to 1.27

V RHE . The number of electrons transferred (n) was calculated from the disk and the ring current using the following equation: [34] 𝒏 = 𝟒 × 𝒋 𝒅 𝒋 𝒅 + 𝒋 𝒓 𝑵 𝒄

Eq. 8

Where j r is the ring current and N c is the measured collection efficiency (21.67%). N c calibration was obtained according to the protocol of Zhou et al. [34] Briefly, chronoamperometric measurement over 60 s in the same cell configuration as above (0.26 mg FeNC cm -2 catalyst, 1,600 rpm) under N 2 saturated conditions, with additional 0.004 M K 3 Fe(CN) 6 (EMSURE® ACS, Reag. Ph Eur, Sigma Aldrich) and the disk and ring set to 0.1 V and 1.27 V RHE , respectively. The last 10 s of chronoamperometry were averaged to obtain j r and j d and N c calculated via the following equation:

𝑵 𝒄 = 𝒋 𝒓 -𝒋 𝒓𝟎 𝒋 𝒅
Eq. 9

Where j r0 includes anodic current not arising from reduced Fe(CN) 6 4-on the disk.

Additionally, the H 2 O 2 % was obtained from Equation 10:

𝑯 𝟐 𝑶 𝟐 % = 𝟐 × 𝒋 𝒓 𝑵 𝒄 𝒋 𝒅 + 𝒋 𝒓 𝑵 𝒄 × 𝟏𝟎𝟎 Eq. 10
Accelerated stress test cyclic voltammetry cycles were conducted between 0.8-0.4 V RHE at 100 mV s -1 under O 2saturation, with Pt ring applied at 1.27 V RHE throughout.

In situ nitrite stripping was conducted, based on recently updated protocol, [18] to determine site density and turnover frequency (TOF). 5 mg of FeNC was mixed with 519 µL isopropanol and 519 µL H 2 O and 54 µL Nafion® (5wt% solution, Sigma-Aldrich) to prepare the catalyst ink which was then bath sonicated for at least 30 minutes. The catalyst ink was deposited on a 5 mm glassy carbon disk of a rotating disk electrode (Pine Instruments, model AFE6R1AU and rotator model AFMSRCE) by drop casting and dried at room temperature (rotating around 200-300 rpm), ultimately reaching a catalyst loading of 0.2 mg FeNC cm -2 . All the electrochemical measurements were performed in a 0.5 M sodium acetate buffer (sodium acetate (99%, Sigma-Aldrich), glacial acetic acid (AnalR Normapur, VWR) and ultrapure water (MilliQ 18.2MΩ cm) as electrolyte (pH 5.2). The catalyst cleaning protocol consisted of measuring two cyclic voltammetry cycles in O 2 -saturated electrolyte at 5 mV s -1 scan rate between 1.0-0.3 V RHE , followed by 10 cyclic voltammetry cycles in a N 2 -saturated electrolyte at 100 mV s -1 scan rate between 1.0-0.3 V RHE and 5 cyclic voltammetry cycles at 10 mV s -1 scan rate. These steps were repeated twice. O 2 -saturated cyclic voltammetry measurements were repeated a third time before progressing with the remainder of the nitrite stripping protocol. A current integrator was used while performing the nitrite stripping cyclic voltammetry scans for an accurate determination of the stripping charge. The catalyst poisoning step, measurement conditions of the O 2 reduction activities and nitrite stripping CVs at the unpoisoned, poisoned and recovered stages were the same as previously reported, [35] with the addition of a second nitrite poisoning on the recovered catalyst. O 2 reduction was not measured in between the unpoisoned, poisoned and recovered stages during the second poisoning measurements. The purpose of the second poisoning was to minimize any potential variation in the baseline CV current due to the involvement of O 2 reduction steps.

TOF values were determined from in situ nitrite stripping in the range of 0.80-0.85 V RHE based on the following equation:

𝑻𝑶𝑭 = (𝒋 𝒌(𝒖𝒏𝒑𝒐𝒊𝒔𝒐𝒏𝒆𝒅) -𝒋 𝒌(𝒑𝒐𝒊𝒔𝒐𝒏𝒆𝒅) ) × 𝑵 𝑨 𝑺𝑫 𝑵𝒊𝒕𝒓𝒊𝒕𝒆 × 𝑭 Eq. 11
Where j k(unpoisoned) is the unpoisoned kinetic mass activity and j k(unpoisoned) is the poisoned kinetic mass activity.

Results and discussion

Nitrogen-doped carbon materials were prepared by pyrolysis of 2,4,6-Triaminopyrimidine (TAP) in the presence of MgCl 2 . 6H 2 O at temperatures between 800 to 1000°C. TAP has been used previously as C-dopant in polymeric semiconductors and covalent organic materials to improve electronic conductivity and photocatalytic performance, [36,37] however its use as building block for conductive carbon-based electrocatalysts remains in its infancy, [38] and its polymerization pathway has not been elucidated up to date. In this work we selected TAP due to its structural similarities to melamine (Figure S1); melamine serves as precursor to the polymeric semiconductor graphitic carbon nitride (Figure S2), [39] which has been widely explored as a platform for single and dual atom catalysts. [7,40,41] Nevertheless its wide band gap (2.7 eV) and its decomposition at high temperatures (over 700°C)

do not allow the formation of a conductive scaffold and therefore hinder its exploitation in electrochemical devices. [42] TAP can serve as a building block for a conductive N-doped carbon material that provides a suitable coordination environment for metallic ions. We hypothesize that upon thermal condensation, TAP releases NH 3 and forms reaction intermediates analogous to melem (a heptazine-like unit), present in the pyrolysis of melamine and other triazine-based molecules, [43] at higher temperatures (400-500°C) a polymeric material similar to graphitic carbon nitride would be formed and subsequently decompose through the release of C-N based radicals resulting in a N-doped carbon material (Scheme 1). Additionally, the utilisation of MgCl 2 . 6H 2 O as a porogen allows the self-assembly of TAP via N-H … O hydrogen bonds with the water molecules followed by polymerization in an entirely molten state (Figure 1a), as TAP displays a melting point at 235 °C (as confirmed by differential scanning calorimetry in Figure S3). The molten intermediate in triazine-based molecules upon pyrolysis has been proven very efficient for the synthesis of carbon-based materials, [44] and in this case provides a homogeneous state for the polymerization and optimal dispersion of the Mg sites, leading to ultrahigh porosity at high temperatures. [45,46] Scheme 1. Suggested polymerization pathway of 2,4,6-Triaminopyrimidine.

We carried out thermogravimetric analysis coupled to mass spectrometry (TGA-MS) to study the conversion of TAP into a conductive carbon framework. TGA curves show a 66% loss in mass between 200 and 320°C mostly due to the release of ammonia ((m/z) = 17), along with low molecular weight molecules, including ethynamine (C 2 H 3 N (m/z) = 41) or cyanamide (CN 2 H 2, (m/z) = 42) amongst others (Figure 1b, Figure S4). The release of ammonia, cyanamide, and ethynamine suggests the formation of reaction intermediates that lead to a carbon nitride-like polymer similar to that proposed by May (Scheme 1). [47] While melamine can decompose in three cyanamide fragments, TAP decomposes in a mixture of cyanamide and ethynamine, which react with pristine TAP leading to conductive melem-like scaffolds with direct C-C bonds. From 320 to 700°C just a 14% decrease in mass is observed (Figure 1b), with species detected in the mass spectrometer heavier than those detected at lower temperature, mostly cyanide-based (cyanogen (CN) 2 , (m/z) = 52), ammonium cyanide CH 4 N 2 (m/z) = 44, isocyanoethene C 3 H 2 N (m/z) = 52), etc. This fact suggests the decomposition of the tertiary amine bonds connecting heptazine-like units in the polymeric material by release of radicals, leading to a N-doped carbon material with a 12% yield at 800°C. [START_REF] Moldoveanu | Pyrolysis of Organic Molecules: Applications to Health and Environmental Issues[END_REF] TAP was pyrolyzed under N 2 atmosphere at 300, 500 and 700°C (Figure S5) to study the properties of the different reaction intermediates. X-ray diffraction (XRD) patterns show a highly ordered crystalline structure for the initial TAP building block (Figure S6). Such crystallinity decreases as pyrolysis temperature increases as evidenced by the broadening of the diffraction peaks; and at 500 °C a peak at 2Ɵ = 13.2° emerges suggesting certain degree of in plane order like that observed in polymeric carbon nitrides. [START_REF] Hu | [END_REF] Additionally, the (002) stacking peak of graphitic structures can be observed at 2Ɵ = 26.8° at 500 and 700°C. XPS measurements were conducted in each of the samples to evaluate the change in chemical and electronic states of C and N upon thermal treatment. C1s spectra of TAP shows 3 different binding energies corresponding to structural and adventitious C-C at 284.7 eV, C-(N) 3 at 285.7 eV, and C-(N) 2 at 287.9 eV (Figure 1c); and N1s resembles just two contributions that belong to N embedded within the pyrimidinic ring (399.3 eV) and amine groups (400 eV, Figure 1d). After pyrolysis at 300°C, the chemical states in both C1s and N1s are very similar to that of the molecular building block and just a slight increase in the C/N ratio can be observed (Table S1) owing to the initial release of ammonia (as confirmed by TG-MS) and formation of a molecular melem analogue (Scheme 1). However, the C1s spectra of TAP 500°C

shows a much higher at.% of the C-(N) 3 contribution (located at 286 eV), suggesting the formation of tertiary amine linkages between monomeric melem-like units. A new contribution appears at high binding energies (288.3 eV) probably owing to the partial degradation of the C-N lattice and formation of cyanamide moieties as suggested by the TGA-MS data. [50] In the N1s spectra the wt.% of the contribution that belongs to amine groups substantially decreases from 67 and 52% in TAP and TAP 300, respectively, to 38% in TAP 500 (Table S2) as well as the overall nitrogen content (55 and 46% in TAP and TAP 300, respectively, to 38% in TAP 500), further supporting the formation of a polymeric network by release of nitrogen moieties. Finally, TAP 700 displays the common features of a N-doped carbon material; C1s spectra shows the presence of three contributions corresponding to C-C, C-N and C≡N/C=O bonds with an overall C/N ratio of 2, similar to that of C 2 N covalent organic materials. [51] 13 C Solid-state NMR was employed to further elucidate the evolution of TAP into a conductive C-N framework upon pyrolysis (Figure S7). Bare TAP shows three different chemical shifts at 164, 162 and 75 ppm, which correspond to C-C-(N) 2 , C-(N) 3 and C=C sp2 within the ring, respectively. [52] Upon pyrolysis the C-(N) 3 contribution broadens to 157 ppm, indicating the appearance of CN 3 species due to the TAP trimerization (Scheme S1) similar to the one observed by Schnick and co-workers in melem, additionally the C=C sp2 shifts to 80 ppm. [43,53] At 700°C the material becomes more conductive, and the N=C-NH 2 peak (165 ppm) disappears in favour of graphitic carbons (100-150 ppm) and CN 3 (151 ppm). suggested in previous reports. [45] The onset of TAP decomposition is higher than in the absence of MgCl 2 ⸱6H 2 O and TAP decomposition products are observed in a quite narrow temperature window of 350°C to 400°C. In the presence of magnesium, we observe the same decomposition product as for the pure TAP, including ammonia, amine-based molecules, and low molecular weights cyanides. This suggest that the presence of MgCl 2 . 6H 2 O does not alter the polymerization pathway of TAP.

After pyrolysis at 800-1000 °C, the materials show a highly amorphous structure owing to the enhanced surface area compared to the pyrolysis in the absence of porogen (Figure S10), and just a weak diffraction peak at 2Ɵ = 26.4° can be observed in TAP 800 corresponding to the (002) interlayer stacking peak. From N 2 sorption measurements, the specific surface area reaches up to 3,293 m 2 g -1 for TAP 900, according to Brunauer-Emmett-Teller (BET) analysis (Figure 2a, Figure S11), being micro-and mesoporous in nature as shown previously in similar materials prepared through ionothermal methods, [45,54] . In all pyrolysed TAP materials a bimodal pore size distribution is observed. The smallest pore size is centred around 0.7-1 1 nm, indicating the presence of suitable micropores for the coordination of metal-based moieties (Figure 2b). Large micropores to small mesopores (1-4 nm) are also present, along with a small portion of large mesopores around 40 nm, adding to the available pore volume (Figure 2b). The total micropore volume steadily decreases from TAP 800 (0.91 cm 3 g -1 ) through to TAP 1000 (0.58 cm 3 g -1 ), possibly due to collapse of micropores with increasing temperature. Meanwhile, total mesopore volumes markedly increase from 0.90 cm 3 g -1 to 1.95 cm 3 g -1 when pyrolysis of TAP increases from 800 °C to 900 °C (Figure S12), suggesting a high availability of nitrogen sites for Fe coordination and subsequent reactant and product accessibility after pyrolysis at temperatures of 900 °C or greater. Remarkably, TEM images of TAP 900 further confirm the formation of a high surface area amorphous material (Figure S13). Raman spectroscopy shows a lower D/G band intensity ratio (I D /I G ) at higher pyrolysis temperature, suggesting a higher degree of dopants and defects in TAP 800, and the formation of a defective graphene-like material with low nitrogen content and higher graphitization degree at 1000 °C (Figure S14).

We can conclude that the high porosity obtained in the TAP-derived materials arises from a bubble templating effect by release of C/N fragments during pyrolysis (including ammonia, amine-based molecules, and low molecular weights cyanides) as well as from the hard templating effect of MgO. We believe that the difference in surface area compared to previous reports employing MgCl 2 .6H 2 O as porogen stems from the higher hydrogen bond donors in TAP in the form of amine moieties (3 amines versus 1 in the case of adenine, a previously employed precursor [19,45,46] ) that allows a higher release of ammonia and other nitrogen-based fragments, and from the low melting point of TAP (Figure S3) adenine that allows a complete dissolution of unreacted, pristine TAP molecules in the ionothermal media, which benefits its polymerization. The decrease in nitrogen content upon pyrolysis at higher temperatures was corroborated by XPS measurements (Figure 3b, Table S4); while TAP 800 shows 23.5 at.% (probably hindering its electrical conductivity), TAP 900 and 1000 display 4.5 and 1.8 at.%, respectively. Such values represent a suitable content of heteroatoms with lone electron pairs that can coordinate with Fe species leading to single atom catalysts without suppressing the conductivity of the material. [39] Both C1s and N1s spectra of the TAP derived materials shows very similar profiles; C1s displays chemical binding energies that stand for C-C, C-N and C=O bonds (Figure S15), while the N1s presents three main contributions that stand for pyridinic, pyrrolic and graphitic nitrogen. Interestingly, in TAP 900 a new contribution emerges suggesting coordination with remaining Mg species (the permanency of small quantities of Mg has been confirmed by ICP-MS, Figure S16). While certain Mg may be coordinated as well in TAP 800, the low N content and signal to noise ratio in TAP 900 allows the visualization of minority N chemical states. Additionally, at 1000°C, the band corresponding to pyrrolic N (at 401.2 eV) becomes dominant indicating either the degradation of pyridine-like moieties or their conversion in pyrrolic motifs. [55] Fe coordination in TAP 800-1000, was carried out through low temperature methanol reflux with a FeCl 2 salt (Figure 3a). [19] An Fe 2+ salt precursor was selected based on our previous work. [32,56] XPS and ICP-MS confirm the successful introduction of Fe within TAP 900@Fe, with values of 0.70 and 0.52 wt.% Fe, respectively.

According to ICP-MS, TAP 900 contained 0.39 wt.% Mg and 0.18 wt.% Fe (Fe likely derived from contaminants in the TAP precursor), while only 0.02 wt.% Mg remained in TAP 900@Fe (Figure S16). The 0.34 wt.% (0.073 at.%) increase in Fe and 0.37 wt.% (0.183 at.%) decrease in Mg from TAP 900 to TAP 900@Fe suggests the low temperature Fe coordination enables the transmetalation of Mg for Fe. Similar observations are seen for TAP 1000

to TAP 1000@Fe, although not for TAP 800 to TAP 800@Fe (Figure S16). We focus subsequent in-depth characterization on TAP 900@Fe owing to its higher electrocatalytic activity as shown below. In TAP 900@Fe N1s XPS spectra, a peak arises at 399.5 5 eV that can be assigned to N-Fe coordination, accounting for 34.5 at.% (Figure S17). Compared to TAP 900, the total contribution of pyridinic moieties decreases from 29.2% to 16.9%

and the one corresponding to nitrogen coordinated to metals (Mg in the case of TAP 900 and Fe in the case of TAP 900@Fe) increased from 18% to 34.5%, while the pyrrolic components remain similar (Figure 3c, Table S5). This fact suggests that Fe is coordinated via pyridinic N rather than pyrrolic. Additionally, XRD patterns suggest the absence of large, aggregated Fe-based particles, as no diffraction peaks corresponding to Fe oxides, nitrides, carbides, or metallic Fe can be observed (Figure S18). Kramm, Xu and their respective groups already established that these phases exhibit much lower O 2 reduction activity than FeNC materials, [57,58] and their presence would impede the electrochemical accessibility of Fe-N x active sites. The nature of the Fe within TAP 900@Fe was further studied through high angle annular dark field scanning transmission electron microscopy (HAADF-STEM). HAADF-STEM images show bright dots embedded in an amorphous matrix corresponding to isolated Fe sites within N-doped Carbon (Figure 4a-c) and the absence of aggregated Fe species (Figure S19). Furthermore, both C, N, and Fe are homogeneously distributed through the material as shown by atomic resolution elemental mapping in energy dispersive x-ray spectroscopy (EDX) (Figure 4d-f); oxygen can be also found arising from surface functionalities (Figure S20), as observed previously through XPS data (Table S4). Using ex situ X-ray absorption spectroscopy, the oxidation state and coordination environment around TAP 900@Fe were further assessed. Figure 5a shows the comparison of Fe-K edge XANES spectra of TAP 900@Fe with respect to the reference samples-Fe foil, Fe 2 O 3 , Fe II Pc and Cl-Fe III Pc. TAP 900@Fe absorption edge is the highest and marginally higher than Fe 2 O 3 , suggesting the +3 oxidation state of Fe. Distinct changes are observed even in the pre-edge range. The signature peak of 7118 eV in Fe II Pc can be attributed to the FeN 4 moiety, which has a preserved D 4h symmetry around Fe and arises due to 1s → 4p z electronic transition. However, TAP 900@Fe shows a peak at 7113 eV instead of 7118 eV, indicating a distorted square planar geometry, which is probably due to an axial coordination of -N/-O or Cl -arising from the Mg 2+ templating agent. Fourier transformed EXAFS comparison in Figure 5b indicates the absence of Fe-Fe peak and the formation of single Fe atoms within the TAP 900@Fe catalyst, which corroborates the HAADF-STEM results. Ex situ cryo (5 K) EPR was used to study the unpaired electrons within TAP 900 and TAP900@Fe (Figure 5c). The small sharp g ~2 signal in TAP 900@Fe arises from background signals from the resonator and empty EPR tube. Meanwhile, the large and sharp g ~2 signal in TAP 900 is likely from organic radicals from defects in the carbon matrix which seem to be removed during the subsequent metalation or acid washing process. Interestingly, the signal of TAP 900@Fe closely resembles EPR results from a Fe-doped CaBi 2 Nb 2 O 9 material. [59] The g ~ 4.3 value is assigned to high spin Fe 3+

with rhombic zero field splitting (E/D = 1/3), [9,59] while the weak shoulder at g ~ 9.6 has been previously assigned to Fe 3+ with lower rhombicity E/D ≤ 1/3. [59] Finally, a broad axial signal between g = 6 and g = 2 is also observed in TAP 900@Fe, previously characterised as high spin Fe III with large axial zero field splitting owing to a square pyramidal or quasi octahedral coordination environment. [9,60] Low temperature Mössbauer spectra with an external low (60 mT) and high (7 T) magnetic field were recorded to help resolve the Fe sites, with best fit simulations yielding five separate Fe assignments (Figure 5d, Table S6).

It should be noted that low-field spectrum revealed a small amount (≤10%) of slow-relaxing paramagnets that are assigned to ferric oxide aggregates; since no oxide phases were present in the XRD, we assume that that these aggregates display sizes of <2 nm. [61] They are visible as a distortion of the baseline, but their proportion was too low for any features to emerge from the noise. We neglected these oxide phases on both spectra, allowing the baseline allowed to move down. A distinct Fe III high spin (HS) component D1 (41%) is identified with fit E/D = 0, which correlates with the broad axial signal in EPR (g = 2 and g = 6). Minority species D2 (17%), D3 (13%), D4 (18%) and D5 (11%) are also found and are further discussed in Supplementary Note 1. We focus the discussion on the signal corresponding to D1, owing to its dominance and its suggested higher activity. [10] The isomer shift ( = 0.47 mm s -1 ) and quadrupole splitting (ΔE Q = 1.05 mm s -1 ) of component D1 matches closely with a penta-coordinated FeN 4 with a N axial ligand (resembling a heme moiety) identified by Wagner et al.

through nuclear inelastic scattering and EPR. [12] Meanwhile, a similar D1 component has been assigned to a pentacoordinated Fe III N 4 C 12 with axial O ligand based on DFT calculations and Mössbauer spectroscopy. [10,62] Owing to the distribution of Fe spin states and sites identified from Mössbauer spectroscopy, further insights on the electronic configurations and local structures are difficult to distinguish from operando XAS, which present averaged results. Recently, Jaouen and coworkers confirmed from operando XAS, among other spectroscopies, that their well-defined FeNC catalyst possessed D1 O-Fe(III)N 4 sites which reversibly changed to Fe(II)N 4 sites when moving between 0.8 to 0.2 V RHE . [10] A similar result for our assigned D1 site could be expected. To investigate the electrochemical O 2 reduction activity of the prepared materials we employed them in a threeelectrode system with O 2 -saturated 0.1 M HClO 4 as electrolyte. The metal-free counterparts were inactive for O 2 reduction (Figure 6a, Figure S21), and after Fe addition TAP 900@Fe showed the highest catalytic activity, with kinetic current density, J kin (Eq. 6), = -1.04 ± 0.12 mA cm -2 at 0.8 V RHE and a corresponding kinetic mass activity, m kin (Eq. 7), of 4.0 ± 0.46 A g FeNC -1 . TAP 800@Fe remained nearly inactive, possibly due to the high nitrogen content limiting its conductivity. Meanwhile, TAP 1000@Fe showed only slightly lower mass activity than TAP 900@Fe, reaching J kin = -0.76 mA cm -2 at 0.8 V RHE and corresponding mass activity of 2.9 A g FeNC -1 . Comparison of optimally performing TAP 900@Fe kinetic mass activity to other high performing FeNC O 2 reduction electrocatalysts reported in the literature is shown in Figure S22. The selectivity towards the 2-electron H 2 O 2 formation was initially negligible over the potential range (<3%, Eq. 8-10, Figure 6b, Figure S23a,b). RRDE accelerated stress testing was applied under O 2 -saturation in a narrow cyclic voltammetry potential window of 0.4-0.8 V RHE at 100 mV s -1 to focus on the carbon oxidation effect of local H 2 O 2 production [63] and Fe demetalation on TAP 900@Fe performance, while avoiding direct carbon oxidation at high potentials (>1.0-1.1 V RHE at room temperature) on FeN x sites. [64] The Pt ring was held at 1.27 V RHE during the accelerated stress test to reduce buildup of H 2 O 2 in the electrolyte. Even after 8,000 cycles, TAP 900@Fe remained selective to the 4e -process, with H 2 O 2 production increasing slightly but remaining <10% between 0.2-0.75 V RHE (Figure 6b, Figure S23a,b).

During O 2 -saturated accelerated stress test conditions, TAP 900@Fe drops 15% in kinetic mass activity at 0.8

V RHE after 1,500 cycles (3.40 A g FeNC -1 ). The low H 2 O 2 production even after 1,500 cycles may explain the high relative stability of TAP900@Fe, although initial kinetic mass activity is reduced by 46% after 8,000 cycles (2.15

A g FeNC -1 Figure S24), potentially due to continued carbon oxidation by local H 2 O 2 . [63] The atomic Fe sites were assessed by HAADF-STEM post-electrochemistry after 8,000 accelerated stress testing cycles, where Fe single atoms remain within the material, no aggregation occurs, and N and Fe are still homogeneously distributed according to elemental mapping EDX (Figure S25,S26). The possible effect of Fe dissolution in TAP 900@Fe is currently being explored by operando ICP-MS and will be the subject of upcoming work. The resistance of TAP 900@Fe and two reference samples was measured (Table S5). The relatively high resistance of TAP 900@Fe is likely caused by the high surface area which creates plenty of resistance inducing grain boundaries, rather than the N content, which is only 4.5 at.% in TAP 900 (Figure 3b, Table S4). This resistance suggests conductivity may inhibit fuel cell performance of TAP 900@Fe, which we are exploring in upcoming work. catalyst loading and room temperature electrolyte. For TAP 900@Fe, five independent measurements were carried out with the average value plotted and error bars correspond to the standard deviation at the given potential (a).

H 2 O 2 % production and O 2 reduction current density from cathodic scan RRDE measurements for fresh TAP 900@Fe and after 1500 and 8,000 accelerated stress test cyclic voltammetry cycles (0.8-0.4 V RHE at 100 mV s ) derived), [65] Malko et al. (polymerized di-amino naphthalene based), [66] University New Mexico and Pajarito Powder Inc. commercial catalyst PMF-011904 (both silica-templating-based), [28] Mehmood et al. (ZIF-8 derived), [18] and Jiao et al. (ZIF-8 derived). [17] Part of data obtained is replotted from ref. [67] All SD Nitrite electrochemical measurements with assumed 5 e -nitrite stripping process in 0. catalysts, with the theoretical active SD limit represented by the red dashed line, as calculated by Mehmood et al. [18] (d).

The active site density for TAP 900@Fe was assessed through an in situ nitrite stripping protocol (Figure S28ad), assuming a complete five electron reduction of NO to NH 4 + . [35] This gives a lower bound active site density compared to CO cryo-chemisorption, which can probe electrochemically inaccessible sites and can also derive another utilisation factor. [28,68] A high initial SD nitrite of 2.54×10 19 sites g FeNC -1 is observed for TAP 900@Fe (Figure 6c). Kumar et al. recently found in situ nitrite stripping also probes iron oxides that formed in situ as a result of degradation of FeN x sites. [69,70] No Fe oxides (or other phases) were detected in TAP900@Fe pre-and postelectrochemical testing from HAADF-STEM and elemental mapping EDX (Figure S25, S26), while preelectrochemical testing low-temperature Mössbauer measurements suggested Fe oxides could exist in a small minority of ≤10% (Figure 5d). The SD nitrite is greater than that of previous benchmark FeNC catalysts, [28] although recent progress with zeolitic imidazolate framework-8 derived catalysts have achieved remarkable SD Nitrite values of 4.7 and 6.0 ×10 19 sites g FeNC -1 . [17,18] However, these high SD Nitrite FeNC catalysts are still not utilising the vast majority of the loaded FeN x (<40%, Figure 6d), even in the thin films (~5µm) used in rotating disc electrodes setups during in situ nitrite stripping. This raises the question of electrochemical FeN x utilisation in fuel cells where thick FeNC layers typically around 100 µm are used and uniform ionomer distribution is difficult to achieve. It should be highlighted that some reports claim remarkably high SD Nitrite of 26.3 and 34.7×10 19 sites g FeNC -1 , although with lower SD ICP values of 15.0 and 10.1×10 19 sites g FeNC -1 , respectively. [71,72] These results represent >100% Fe site utilisation, suggesting artifacts in either nitrite or ICP measurements. The Utilisation Nitrite/ICP and Utilisation Nitrite/Mössbauer of TAP 900@Fe is remarkably high at 45±14% and 52%, respectively (Figure 6d), surpassing the previous record by Wan et al. [27] of 43% achieved at ca. half the SD Nitrite and SD ICP (1.33 and 3.05×10 19 sites g FeNC -1 , respectively). It has recently been proposed that nitrite stripping results in NH 2 OH product with a total 3 e -pathway, [73] implying that the SD nitrite would be higher by a factor of 5/3 than the previously elucidated 5 e -pathway. [74] We would like to note that, if a 3e -pathway is assumed, the Utilisation Nitrite/ICP and Utilisation Nitrite/Mössbauer of TAP 900@Fe would be 75% and 87%, respectively.

Consequently, we can conclude that the high electrocatalytic activity per unit mass of TAP 900@Fe emerges from its high FeN x active site density and utilisation, rather than its intrinsic activity, as shown by the TOF compared to state-of-the-art FeNC (Figure 6c). The record utilisation is attributed to the high mesoporosity (Figure 2, Figure S27), since in situ nitrite stripping has been proposed to mainly reach sites in mesopores, and at micropore entries, although not those sites deep within micropores. [28] The mesoporosity in TAP 900@Fe is enabled by a favourable interaction between TAP and Mg 2+ salt during pyrolysis. Namely, TAP self assembles around the water molecules in the Mg 2+ salt by hydrogen bonding and upon thermal condensation both components melt (Figure S3) leading to a polymerization in a fully homogeneous liquid-state without grain boundaries and therefore a sufficiently high porosity after acid washing.

Comparing FeNC to Pt/C (Figure S28f), it becomes evident that even if large progress is made to reach 100% FeN x utilisation, the theoretical accessible SD limit of FeN x is below that of Pt sites in Pt/C. Therefore, considering only SD, FeNC activity would be insufficient to compete with Pt/C. Hence, FeN x TOF needs to be considered.

While TAP 900@Fe shows an unprecedented FeN x utilisation, relatively low TOF values of 0.087 and 0.015 e - site -1 s -1 at 0.80 and 0.85 V RHE , respectively, were obtained (Eq. 11, Figure 6c, S28e). Low-temperature Mössbauer (Figure 5d) shows D1 Fe III HS is the dominant component in the catalyst. As mentioned earlier, a similar D1 component has been assigned to penta-coordinated Fe III N 4 C 12 with axial O ligand, although this species exhibits a high TOF. [10] For instance, Jiao et al. found their catalyst, which was vastly dominated by Fe III N 4 C 12 with axial O ligand sites (D1 = 90%), exhibited state-of-the-art activity with TOF = 0.8 e -sites -1 s -1 at 0.8 V RHE . Meanwhile, a catalyst containing D1 (28%) penta-coordinated Fe III N 4 with N axial ligand (TOF not measurable at 0.8 V RHE ) displays more comparable activity to that observed with TAP 900@Fe. [12] A N ligand may lead to an undesirable shift in the Fe binding energy and therefore observed lowered TOF. As observed here, the ex situ specific active site coordination environment is challenging to elucidate in these materials. FeNC catalysts, even those with purely FeN x sites, typically contain a range of different active sites. Therefore, to help understand from a fundamental perspective the influence of different axial ligands on the electrocatalytic activity, we investigated axial ligands using DFT simulations of the *OH intermediate in the O 2 reduction reaction volcano (Figure 7).

While TAP 900@Fe shows a majority of pyridine moieties (Figure 3c), we decided to employ both model pyridine and pyrrole motifs in our DFT calculations (Figure S29, 7b), owing to the varied activity of the two sites. is no widespread consensus in the literature on modelling MNC systems, [75,76] no water solvation is applied to the *OH binding energies on the FeN 4 sites, while for Pt(111) we use -0.3 eV. [77] In Figure S30, the ORR volcano is shown with -0.3 eV solvation stabilization applied to all binding energies. This points to the fact that the DFT axial trend study is robust on the order of the *OH binding, but the points may shift up and down the volcano depending on the absolute water solvation, which is unknown in MNC systems. Interesting to note in Figure 7a is the pyridine FeN 4 site obtains a weakening of the *OH binding energy via an axial -OH ligand and -NH 2 ligand.

The axial -OH moves pyridine close to the top of the volcano, while -NH 2 deactivates the pyridine FeN 4 . Pyrrolic FeN 4 sites, however, display a different trend, the -OH and -NH 2 ligands strengthens the *OH binding, placing pyrrole FeN 4 with -NH 2 close to the top of the volcano. Very recently, it has been suggested that pyrrolic Fe sites show a low catalytic activity; [78] our DFT study therefore suggests that their activity could be increased through axial ligand coordination, such as pyrrole or -NH 2 . DFT reveals here for the first time that the type, or lack, of axial ligand has a large impact on *OH binding energy for both pyrrolic and pyridinic sites. Our findings imply that the discussion of pyridinic versus pyrrolic sites should consider the important influence of axial ligands.

Conclusions

In summary, we have prepared a highly porous FeNC material with remarkable Fe utilisation for the O 2 reaction in acidic media. The material was prepared in a two-step fashion by Fe coordination in a porous nitrogen-doped carbon material, synthesized employing 2,4,6-Triaminopyrimidine as C-N building block and MgCl 2 . 6H 2 O as templating agent for the active site and porosity. The high mesoporosity of the substrate allows the formation of high electrochemically available FeN x sites. This is confirmed by the record electrochemical FeN x utilisation of 52% for a high electrochemical active site density of 2.54×10 19 sites g FeNC -1 , as determined by in situ nitrite stripping. The most abundant active site is found to be a penta-coordinated FeN x with axial ligand, as shown by ex situ XAS and low temperature Mössbauer spectroscopy. Consequently, DFT revealed the effect of axial ligands on pyridinic and pyrrolic FeN 4 sites, which shows axial ligands can have favourable or unfavourable changes in binding energy of the OH intermediate. We hypothesise that the thorough analysis of the material growth, the record high Fe utilisation and the influence of axial ligands in the O 2 reduction performance of pyridinic and pyrrolic FeN 4 catalysts described here will open new avenues for high-performance single atoms in covalentorganic materials with other reactions such as CO 2 or nitrate reduction. In future studies, such templated, highly porous N-doped carbon supports will be combined with novel metal-coordination techniques (such as ionothermal mixtures and chemical vapor deposition) that allow for a higher metal loading and density of active sites in real fuel cells.
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 1 Figure 1. Representation of the self-assembly between 2,4,6-Triaminopyrimidine and MgCl 2 . 6H 2 O (a). TGA curve of TAP (b). C1s (c) and N1s (d) XPS spectra of TAP pyrolyzed at 300, 500, and 700 °C.

Figure 2 .

 2 Figure 2. N 2 sorption isotherms with specific BET surface areas labelled (a) and corresponding pore size distributions and cumulative pore volumes calculated using 2D-NLDFT heterogeneous surface carbon model in SAIEUS software (b) of TAP-derived materials.

Figure 3 .

 3 Figure 3. Schematic representation of Fe coordination in TAP-derived materials (a). Elemental composition of TAP-derived materials obtained by XPS plotted in a logarithmic scale (b) and decomposition of XPS N1s species in TAP 900 and TAP 900@Fe (c).

Figure 4 .

 4 Figure 4. HAADF-STEM images showing distributed single atoms (a-c) and atomic resolution EDX profile elemental maps for C (d), Fe (e), and N (f) of TAP 900@Fe.

Figure 5 .

 5 Figure 5. Fe K-edge XANES spectra of as prepared TAP 900@Fe in comparison with Fe foil, Fe 2 O 3 , Fe II Pc and Fe III PcCl showing that average Fe in the synthesized sample is in +3 oxidation state (a). Fourier Transform of TAP 900@Fe, Fe foil and Fe III PcCl indicating the absence of Fe-Fe bond in TAP 900@Fe (b). Cryo (5 K) X-band EPR signals of TAP 900, TAP 900@Fe and empty quartz EPR tube (c). Low-temperature Mössbauer spectrum of TAP 900@ 57 Fe recorded at T = 5.3 K in a weak (60 mT) or a strong magnetic field (7 T) applied parallel to the gamma rays (d). The five Fe components are assigned to Fe III HS (D1 -green), Fe II IS (D2blue), Fe II HS (D3red), Fe II LS (D4 -orange) and Fe III HS (D5 -turquoise). Solid black line indicates the compound spectrum and vertical black lines indicate error bars of measured spectrum.
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 6 Figure 6. Capacitance-corrected cathodic scan of the cyclic voltammogram in 0.1 M HClO 4 (Suprapur) with a rotation rate of 1600 rpm recorded at 10 mV s -1 obtained by subtracting N 2 -saturated cyclic voltammetry at 1600 rpm from the O 2 -saturated result. All measurements were conducted with iR correction (23 Ω), 0.26 mg FeNC cm -2

Figure 7 .

 7 Figure 7. ORR activity volcano represented by O 2 reduction potential (RHE), U RHE , based on *OH binding energies (∆G*OH) simulated on a series of FeN 4 pyridine and pyrrole sites with different axial ligands, and compared with Pt(111) (a). Schemes showing axial coordination in FeN 4 -Pridine (left) and FeN 4 -Pyrrole (right), where X denotes the axial ligand (b). -* denotes a pristine FeN 4 structure.

  

  

  

  -1 under O 2 -saturation with Pt ring applied at 1.27 V RHE throughout). RRDE measured under the same conditions as above with 1.27 V RHE applied to the ring and the Pt ring H 2 O 2 oxidation collection efficiency calibrated at the catalyst loading of 0.26 mg FeNC cm -2 (b). Comparison of SD nitrite and TOF with corresponding mass isoactivity at 0.85 V RHE (c) of benchmark single atom FeNC catalysts of; Zitolo et al. (zeolitic imidazolate framework-8 (ZIF-8

  5 M sodium acetate buffer (pH 5.2) in a rotating disk electrode with 0.2 mg FeNC cm -2 loading except Wan et al. who used 0.27 mg FeNC cm -2 and did not present data at 0.85 V RHE (see Fig S28e for 0.80 V RHE data). Different SD and Utilisation metrics for FeNC
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