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Iron,nitrogen-codoped carbon (FeNC) has emerged as promising alternatives to precious metals for oxygen
reduction reaction (ORR). Herein, we demonstrate that the ORR activity of FeNC can be markedly enhanced by
the incorporation of adjacent Fe few-atom clusters (Feac), where the octahedral field of Fexc boosts the splitting
of the parallelogram field of FeNy, and facilitates the transition from high-spin (t%geg) Fe(II)N4 to medium-spin
(tggeé) Fe(II)N4 and hence the interaction with the n* antibonding orbitals of oxygen. This leads to a remarkable

ORR performance due to optimized desorption of the OH* intermediate on FeN4, with a half-wave potential of
+0.80 in 0.1 M HCIOy4, in comparison to that with only FeNy single-atom moieties. In Hy-O fuel cell tests, a high
peak power density of 0.80 W cm ™2 is obtained. Results from this work highlight the significance of spin en-
gineering in the manipulation and optimization of the ORR activity of single-atom catalysts.

1. Introduction

Development of clean and renewable energy technologies has been
attracting extensive interest, as the combustion of conventional fossil
fuels has produced significant environmental issues [1-3]. Among these,
proton-exchange membrane fuel cells (PEMFCs) have emerged as a
viable option [4-6]. Yet, platinum group metals (e.g., Pt/C) are gener-
ally required to catalyze the oxygen reduction reaction (ORR) at the
cathode, due to complex reaction pathways and sluggish
electron-transfer kinetics, resulting in high costs that limit the com-
mercial applications of fuel cells [7,8]. Thus, it is imperative to explore
low-cost, high-performance alternatives [9-11], which have been
exemplified with metal,nitrogen-codoped carbon composites (MNC, M
= Fe, Co, Mn, etc) that are typically derived pyrolytically from select
organic and inorganic precursors. Among these, FeNC composites have
been found to be a viable option [12,13].

In general, the FeNC composites entail FeN,4 coordination moieties as
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the active sites. A range of structural engineering has been reported to
improve the FeNC activity such that the performance is competitive to
commercial benchmarks, especially in acidic media [14-16]. Increasing
the number of active sites is one of the effective strategies [15]. For
instance, Yang et al. [17] observed an enhanced ORR activity by
increasing the iron atom content to 3.5 wt% through a molecularly
confined pyrolysis strategy. However, as Fe single atoms are prone to
migration and aggregation into particles due to thermodynamic insta-
bility in the pyrolysis process [15,16], it is difficult to further increase
the content of Fe single atoms and improve the ORR performance. Thus,
optimization of the electronic structure of the active sites has emerged as
a unique method to improve the intrinsic activity. For example, Hao
et al. [18] achieved efficient utilization of active sites and optimization
of their electronic structures with carbon vacancy-modified FeNC.
Notably, in pyrolysis at elevated temperatures, the obtained FeNC
nanocomposites typically consist of various metal phases ranging from
single atoms (SAs) to few-atom clusters (ACs) and to nanoparticles (NPs)
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[19-23]. Studies have shown that the electronic interactions between Fe
SA moieties and adjacent ACs/NPs can drastically enhance the electro-
catalytic activity. For example, Huang et al. [24] demonstrated that ACs
produced by acid etching of NPs optimized the adsorption energetics of
oxygen intermediates of a series of transition-metal single atom catalysts
(i.e., Fe, Co, and Ni), leading to improved ORR activity. Zhao et al. [25]
showed that the strong interactions between Fe SAs and adjacent Fe NPs
led to an appreciable change of the geometric and electronic structure of
the Fe-N-C sites, which diminished the energy barrier of the rate-limiting
step and enhanced the ORR performance [26]. Such electronic rear-
rangements at the Fe SA sites can impact the adsorption/desorption
energetics and bond lengths of oxygen intermediates, and hence the
actual electron-transfer pathways [19]. Moreover, the formation of
ACs/NPs adjacent to Fe SA moieties is thermodynamically more favor-
able than the formation of only Fe SA moieties. Thus, it becomes
important to unravel the underlying mechanism of the enhanced ORR
performance of the SA active sites by the adjacent ACs/NPs. However,
the intimate relationship of how adjacent metal ACs/NPs affect the
electronic structure of the Fe SA moieties has remained insufficiently
explored.

Theoretically, the kinetic process of ORR involves multiple proton-
coupled electron-transfer steps with several key oxygen intermediates
(O*, OH*, and OOH*) interacting with the outmost orbitals of the active
sites. This suggests that the spin state of the active sites can drastically
impact the energetics of adsorption and bond dissociation of the reaction
intermediates, and hence the reaction pathways (associative or disso-
ciative) and kinetics, leading to unprecedented manipulation of the ORR
activity [27-30]. For example, Yang et al. [29] found that neighboring
Mn-N groups changed the Fe active sites from low spin to medium spin
through spin state transition and electron modulation, which activated
the Fe sites. Wei et al. [27] observed a transition of the Fe(II) atomic sites
from low to medium spin by neighboring Pd NPs. He et al. [28] found
that the Fe spin state of the FeN4 moieties could be readily manipulated
by metal atoms adjacent to the Fe sites. In these studies, marked
enhancement of the ORR activity was observed, which was accounted
for by the manipulation of the electronic configuration of the e; orbitals
of the Fe active center. Nevertheless, the underlying mechanism of how
adjacent metal species impact the spin state of the Fe SA sites has not
been fully understood. This is the primary motivation of this study.

In this study, we prepare a series of nanocomposites where FeNy
atomic moieties and adjacent Fe few-atom clusters are embedded within
a carbon matrix (Fesp/ac@NC) by controlled pyrolysis of an iron-
modified zeolitic imidazolate framework (Fe-ZIF-8) precursor. Compu-
tational studies based on density functional theory (DFT) calculations
show that the octahedral field of the Fe few-atom clusters increases the
splitting energy of the parallel tetrahedral field of the FeN4 moieties,
thereby reducing the number of electron fillings in the e, orbitals and
converting Fe(III)N4/C in the high spin configuration of tzgeg to Fe (II)
N4/C in the medium spin (tggeé). The resulting Fegp/ac@NC composites
indeed exhibit a markedly enhanced electrocatalytic activity towards
ORR, with a half-wave potential (E;2) of +0.80 vs. reversible hydrogen
electrode (RHE) and long-term stability in acidic media, as compared to
traditional FeNC catalysts with only Fe single-atom sites. A membrane
electrode assembly (MEA) fabricated with Fegy,ac@NC as the cathode
catalyst exhibits a current density of 0.85 A cm™2 at 0.7 V (with iR
compensation) and a peak power density of 0.80 W cm 2 in fuel cell
tests. These results highlight the significant impacts of metal few-atom
clusters on the spin state of adjacent metal single-atom sites, a unique
strategy for the rational design of highly active single atom
electrocatalysts.

2. Experimental section
2.1. Chemicals

2-Methylimidazolole, zinc nitrate hexahydrate (Zn(NOs3)2-6H20),
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iron nitrate nonahydrate (Fe(NO3)3-9H20), methanol and ethanol were
purchased from Aladdin. Melamine was purchased from Macklin, and
Nafion dispersion (5 wt%) was obtained by diluting a Nafion D2021
dispersion. Isopropyl alcohol and perchloric acid (HCIO4) were pur-
chased from Guangzhou Chemical Reagents Factory. Ultra-pure water
was provided from a HITECH system (resistivity 18.2 MQ cm).

2.2. Preparation of graphitic carbon nitride (g-C3N4)

The synthetic procedure has been detailed previously [31]. In brief,
melamine was heated in a tube furnace at 600 °C for 2 h in ambient at a
heating rate of 3 °C min~!, producing a light yellow powder after
grinding.

2.3. Preparation of Fesp/ac@NC nanocomposites

To prepare the Fe-ZIF-8 precursors [32], 2-methylimidazole (240
mmol) was dissolved in 200 mL of methanol under magnetic stirring for
15 min, into which was then added a solution with Fe(NO3)3-9H50 (0.5
mmol) and Zn(NO3)2-6H,0 (28.2 mmol) dissolved in 100 mL of MeOH.
The mixture was stirred vigorously for 1 h and then stayed for another
24 h at room temperature. The precipitate was collected by centrifu-
gation, rinsed with methanol several times and then vacuum-dried at 60
°C overnight, affording Fe-ZIF-8.

Fesa/ac@NC nanocomposites were synthesized using a high-
temperature pyrolysis procedure. In brief, the Fe-ZIF-8 (0.7 g) and g-
C3Ny (0.14 g) prepared above were mixed by grinding for 30 min and
placed in a quartz boat, which was then placed into a tube furnace at
900 °C for 1 h with a flow of high-purity nitrogen. The obtained samples
were then soaked in a 0.5 M H5SO4 solution for 10 h at 70 °C to remove
metal compounds, before being rinsed with deionized water and ethanol
until neutral pH. After vacuum drying at 60 °C for 12 h, the samples
were heated again in a tube furnace in an ammonia atmosphere at 950
°C for 30 min. Fego@NC was prepared in the same fashion except that
the initial feed of Fe-ZIF-8 was reduced by half (0.35 g). That is, the mass
feed ratio of Fe-ZIF-8 to g-C3N4 was 5:1 for Fegy/ac@NC and 2.5:1 for
Fespn@NC. A control sample was prepared in the same manner except
that the mass feed ratio of Fe-ZIF-8 to g-C3N4 was increased to 10:1 and
referred to as Fegp/ac@NC(10).

Two additional samples were prepared also in the same manner
except that the first pyrolysis was carried out at 800 and 1000 °C,
respectively, and denoted as Fesy/ac@NC-800 and Fega,/ac@NC-1000.
For the sample prepared without the addition of Fe-ZIF-8, the product
was referred to as NC.

2.4. Characterizations

Scanning electron microscopy (SEM) studies were carried out with a
Gemini instrument. Transmission electron microscopy (TEM) images
were acquired with a JEM-2100HR microscope operating at 300 kV and
a FEI Theims Z aberration-corrected transmission electron microscope
(AC-TEM). Energy-dispersive X-ray spectroscopy (EDS) analysis was
carried out on a Tecnai G2-F20 equipped with an energy-dispersive X-
ray spectroscopy (EDS) detector at an acceleration voltage of 100 kV.
Powder X-ray diffraction (XRD) patterns were produced with a Rigaku-
D/Max-IIIA diffractometer. Optical absorption was examined with a
SHIMADZU ultraviolet-visible (UV-vis) spectrophotometer. Inductively
coupled plasma optical emission spectrometry (ICP-OES) measurements
were conducted with a PerkinElmer Optima instrument. Brunauer-
Emmett-Teller (BET) isotherms were obtained using a Kubo-X1000 in-
strument. X-ray photoelectron spectroscopy (XPS) experiments were
carried out on a Thermo-ESCA-Lab 250 instrument with Al K, radiation,
and C 1s at 284.8 eV was used as a standard to calibrate all XPS data.
Raman spectra was obtained using a RENISHAW inVia Qontor Raman
spectrometer. X-ray absorption spectra (XAS) studies were carried out at
the Taiwan Light Source at room temperature. The obtained XAS data
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Fig. 1. Schematic illustration of the preparation of Fega,ac@NC.

were analyzed using the Athena and Artemis software. Electron para-
magnetic resonance (EPR) spectra were obtained using a Bruker EMX
PLUS Instrument. Magnetism was evaluated with a Quantum Design
PPMS-9 instrument.

2.5. Electrochemical measurements

Electrochemical properties were evaluated in a conventional three-
electrode cell with a Pine Research Instrument bipotentiostat at room
temperature. A glassy carbon electrode (GCE, Pine Research Instrument)
with a geometrical area of 0.196 cm? was employed as the working
electrode. A graphite rod and a Ag/AgCl electrode were employed as the
counter electrode and reference electrode, respectively. The Ag/AgCl
reference electrode was calibrated against the RHE before each use. To
prepare the catalyst ink, 10 mg of the nanocomposites prepared above,
500 pL of isopropanol, and 10 pL of 5 wt% Nafion solution (DuPont)
were mixed to form a homogeneous dispersion under sonication for 30
min 5 pL of the ink was dropcast onto the polished surface of GCE,
followed by spin-drying naturally at a catalyst loading of 500 pg cm 2.
The Pt loading for the commercial Pt/C (40 wt%, Johnson Matthey) was
50 pg cm 2. Linear sweep voltammetry (LSV) curves were recorded at
the rotating rates of 400-2500 rpm and a potential sweep rate of 10 mV
s1in 0.1 M HClO4. Chronoamperometric measurements were con-
ducted at +0.7 V vs. RHE.

For the ORR tests, a rotating ring-disk electrode (RRDE, Pine
Research Instrument) with a disk area of 0.247 cm? was employed as the
working electrode, onto which a calculated amount of nanocomposites
was deposited, as detailed above. The electron-transfer number (n) and
the hydrogen peroxide yield (H202%) of the ORR were calculated ac-
cording to previous work [33,34].

2.6. Fuel cell measurements

Catalyst inks were prepared by mixing the nanocomposites obtained
above (10 mg), isopropanol, de-ionized water, and 5% Nafion solution at

a mass ratio of 1:12:12:11 under sonication for 30 min and stirring for 3
h. The obtained mixture was dropcast onto a gas diffusion layer (GDL,
HCP120 Shanghai HESEN) at a loading of 4 mg cm™2. The ratio of
Nafion to catalyst (NCR) in the cathode catalyst layer (CCL) was 1:1.82.
A commercial Pt anode with 0.5 mgp; cm ™2 (Shanghai HESEN) was used
as the anode. The MEA was assembled in the order of anode electrode,
Nafion 211 membrane (DuPont), and cathode electrode by hot pressing
at 135 °C for 4 min. The performance test of the fuel cell was carried out
at an electronic load (PLZ164WA, KIKUSUI). Both hydrogen and oxygen
were humidified at 85 °C to a relative humidity of 100%. Both Hy on the
anode side and O; on the cathode side were supplied at a flow rate of 200
sccm under a back pressure of 1 bar (absolute pressure). Cell tempera-
ture was stabilized at 80 °C during MEA testing.

2.7. Density functional theory calculations

DFT calculations were performed with the open-source planewave
code, Quantum Espresso [35]. In all calculations, the generalized
gradient approximation and the projector augments wave pseudopo-
tentials with the exchange and correlation in the Per-
dew-Burke-Ernzerhof were employed [36-38]. The plane-wave cutoff
energy was set at 570 eV. The convergence of forces and energy on each
atom during structural relaxation was set at 0.03 eV A~! in force and
10 % eVin energy, respectively. The Brillouin zone was sampled with 1
x 1 x 1 Monkhorst-Pack k-point grids. The optimized structure size for
FeN4 was 12.29 x 17.04 x 20.00 A3. The vacuum space along the z[1]
direction was more than 15 A, which was large enough to avoid inter-
planar interactions. Van der Waals (vdW) interactions were taken into
account at the DFT-Dg level as proposed by Grimme. The obtained re-
sults were further corrected by zero-point energy (ZPE). The Gibbs free
energy diagrams of ORR were calculated using the method by Ngrskov
etal. [39]. The free energy were calculated by AG = AE + AZPE - TAS +
AGU + AGpy, where AE is the total energy, AZPE is the variation in
zero-point energies and AS is the change in entropy before and after the
reaction. T is temperature and equals to 298 K. AGU = eU, where U is the
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Fig. 2. TEM images of (a) Fe-ZIF-8 and (b) Fe-ZIF-8/g-C3N4. AC-TEM images of (c,d) Fesa@NC and (e,f) Fesa,ac@NC. (g) EDS elemental maps of Fesa/ac@NC (Fe

green, N red, and C blue).

electrode potential (vs. standard hydrogen electrode, SHE), e is the
electrons transferred in each reaction step. The influence of pH value is
ignored in the calculation process.

3. Results and discussion
3.1. Sample preparation

The preparation of Fegy/ac@NC is schematically illustrated in Fig. 1.
Fe-modified ZIF-8 (Fe-ZIF-8, Fig. S1a) was first prepared and used as the
precursor to prepare Fega,ac@NC nanocomposites. This was aided by
the addition of graphitic carbon nitride (g-C3Ny, Fig. S1b) that acted as a
nitrogen source to generate ammonia during pyrolysis that etched the
sample surface, enriched the surface nitrogen content, produced defects,
and hindered the agglomeration of Fe during pyrolysis. The procedure
consisted of a first pyrolysis at 900 °C, followed by acid leaching and
then a second pyrolysis at 950 °C. A comparative sample containing only
Fe SA sites was prepared in the same manner except that the initial feed
of Fe-ZIF-8 was reduced by half, which was denoted as Fesa@NC.

3.2. Structural characterization

The Fe-ZIF-8 sample retained the rhombic dodecahedron shape of
the pristine ZIF-8 crystals, but the size of the particles (ca. 500 nm) was
markedly larger than that of the undoped counterpart (350 nm) (Fig. 2a
and S1-S2) [23,40]. Also, mechanical mixing with g-C3N4 did not impact
the morphology of Fe-ZIF-8 (Fig. 2b, Slc and S3-S4). After
Fe-ZIF-8/g-C3N4 was pyrolyzed at high temperatures, the resulting
Fesa/ac@NC nanocomposites retained the skeleton structure, but the
size was significantly reduced to only ca. 350 nm, and the faces of the
dodecahedron contracted inward, forming a curved polyhedron
morphology with curved eaves (Fig. S5), most likely due to the aniso-
tropic thermal shrinkage of the Fe-ZIF-8 precursor, where the edges and
vertices of the dodecahedron were subject to less stress than the faces
during pyrolysis [41-43]. In XRD measurements, only the carbon
diffraction peaks were resolved with the Fesa,ac@NC and Fega@NC
samples (Fig. S6), suggesting the lack of large Fe nanoparticles within
the carbon matrix.

Consistent structural insights were obtained from AC-TEM mea-
surements. One can see from Fig. 2c-d that Fesa@NC consisted of a large
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Fig. 3. (a) Normalized Fe K-edge XANES spectra, (b) first-order derivatives of the XANES spectra, and (c) Fe K-edge Fourier-transform kz—weighted EXAFS spectra of
Fe foil, FePc, FeO, Fe;03, Fesa@NC and Fega,ac@NC. (d) Fitting results of the magnitude of the Fourier transform of the kz-weighted EXAFS for Fesh@NC and Fegp,
Ac@NC. Insets show the schematics of the respective structure. (e) WT-EXAFS of Fespa@NC, Fesa,ac@NC, FePc, and Fe,03. Magnetization intensity of (f) Fesa@NC
and (g) Fesa,ac@NC (H.S. represents high-spin, M.S. represents medium-spin). (h) Schematic diagram of structural transformation of high spin and medium spin

Fe states.

number of light-contrast dots (highlighted by red circles) without any
nanoparticulates, most likely arising from iron atomic species that
possessed a higher electron density than the carbon matrix. By contrast,
for Fega/ac@NC that was prepared at a higher feed of Fe-ZIF-8 in sample
synthesis (Fig. 2e-f), both Fe atomic species (highlighted by red dashed
circles) and few-atom clusters (highlighted by yellow dashed circles, ca.
0.8 nm in diameter) can be resolved [26,44]. In EDS-based elemental
mapping analysis (Fig. 2g), the elements of Fe, C and N can be seen to be
uniformly distributed across the sample, suggesting that the iron species
were embedded within a N-doped carbon scaffold most likely in the
forms of single atoms and/or few-atom clusters.

In Raman spectroscopic measurements, the samples all exhibited two
major peaks at ca. 1350 and 1595 cm ™! (Table S1 and Fig. S7), due to
the D and G bands of graphitic carbon, confirming the successful
transformation of the Fe-ZIF-8 precursors into carbon materials. Addi-
tionally, the intensity ratio of the D and G bands (Ip/Ig) was found to be
close for Fess@NC and Fegp/ac@NC at 1.04 and 1.01, respectively,
indicating a similar degree of graphitization of the two samples. In ni-
trogen adsorption/desorption measurements (Table S2 and Fig. S8-59),
Fesa/ac@NC can be found to exhibit a type IV isotherm, indicating the
formation of abundant micropores and mesopores, with a high specific
surface area of 1168.23 m? g™, and Fegy@NC possessed an even larger
specific area of 2352.19 m? g~%, likely due to formation of ACs in the
former that occupied the defect sites [45-47]. In comparison, the
metal-free N-doped carbon (NC) prepared from C3N4 without the addi-
tion of Fe-ZIF-8 showed a specific surface area of only 857.22 m? g~*
(Table S2) [48-50]. This signifies the unique porogenic impacts of Fe

species (from Fe-ZIF-8) in the the
nanocomposites.

The elemental composition and valency of the samples were then
investigated by XPS measurements. From the survey spectra of Fega @NC
and Fegp/ac@NC (Fig. S10), the Fe 2p, N 1s, C 1s and O 1s electrons can
be clearly identified at 710.1, 400.1, 284.4, and 531.9 eV, respectively.
The corresponding elemental contents are listed in Table S3, where both
samples can be seen to consist of about 90 at% C, with slightly more Fe
in Fega/ac@NC (0.2 at%) than in Fesa@NC (<0.2%), consistent with
results from ICP-OES measurements where the Fe content was 2.6 wt%
for the former and 2.3 wt% for the latter. The C 1s profiles are also very
consistent (Fig. Slla). From the high-resolution N 1s spectra in
Fig. S11b, five N species can be deconvoluted with Fegp/ac@NC, pyri-
dine nitrogen (398.10eV), Fe-N (398.70eV), pyrrole nitrogen
(399.55 eV), graphite nitrogen (401.50eV) and nitrogen oxide
(402.50 eV) (Table S4). A similar structure can be found with Fega @NC,
suggesting that Fe was anchored into the carbon skeleton forming FeN,
moieties. Nevertheless, one can see that Fega/ac@NC possessed a
somewhat lower binding energy of the Fe-N species (398.70 eV) than
Fesan@NC (398.90 eV), suggesting enrichment of the Fe electron density
likely due to the adjacent Fe clusters. From the Fe 2p spectra in Fig. 512,
the Fe?" and Fe>" 2ps/» binding energy can be found at 710.51 and
713.44 eV for Fesp/ac@NC, in comparison to 711.14 and 714.75 eV for
Fesa@NC. Moreover, the atomic ratio of Fe?t/Fe®" can be found to in-
crease from 70.7% in the latter to 85.9% in the former (Table S5). Taken
together, these results suggest a reduced valence (and spin state) of the
Fe atomic centers by the adjacent few-atom Fe clusters.

enhancing porosity of



C. Chen et al.

Applied Catalysis B: Environmental 342 (2024) 123407

——Fe,,@NC
——Feg\c@NC

~
()
~—

Feg,@NC
Fegy s (@NC

Intensity/a.u.

Reaction Coordinate

Fe’* (3d%)

*00 ond ¢

(h) —_
T
-?+-?++-H-+j-

Intermediate Spin
Fe* (3d9)

*00 *O0OH

_\r\_/l_)m*/ R D A
T, N ;

g =2.0049
3460 3480 3500 3520 3540 3560
Magnetic field/G
\ 24 8
—— —— L7
'E 20+ .
e —— —C— —p— - é
< 16+ + e L5 X
X
e+ o3
ON E 3 3
ec 8
: e .-
- 4 -
0 0
Feg,@NC Fegyac@NC

2 P 4
Do T4 e = =+

o

-§+++ ++-¢++¢--H-++++H+ -H-

+- e
*0 *OH
X - +
ot A+ 4o
++++-H--H--H-+ 'H"H'-H--H- 4
H e

2

*0 *OH

Fig. 4. Computational analysis of Fegy,ac@NC. (a) Schematic illustration of ORR mechanism on Fega,ac@NC. (b) Free energy diagram of ORR on Fesa@NC and
Fesa,ac@NC at 1.23 and 0 V vs. RHE. Calculated charge density differences for (c) Fess@NC and (d) Fega,ac@NC. (e) EPR spectra of Fegs@NC and Fega,ac@NC. (f)
Total spin and spin density for Fess@NC and Fega,ac@NC derived from the EPR results. The formation of chemical bonds with oxygen-related intermediates in (g)

high-spin Fe>* and (h) intermediate-spin Fe’*

species at the edge sites. The bond order is defined as

w, where Nbonding aNd Nanti-bonding denote the number

of electrons in the bonding or anti-bonding orbitals. The bigger the bonder order, the stronger the bond strength.

The atomic configuration of the Fe sites of the nanocomposites was
further investigated by XAS measurements. From the X-ray absorption
near-edge spectra (XANES) in Fig. 3a, it can be seen that the Fe K-edge of
Fesa@NC lies between those of FeO and FeyOs, indicating that the
oxidation state of Fe is between + 2 and + 3. For comparison, the ab-
sorption edge of Fegy/ac@NC was at a somewhat lower energy and
closer to that of FeO, in good agreement with results from the above XPS
measurements that showed a higher Fe?*/Fe®" ratio. The evolution of
the oxidation state can be seen more clearly based on the first order
derivative of the XANES spectrum (Fig. 3b). In kz-weighted extended X-
ray absorption fine structure (EXAFS) measurements (Fig. 3c), Fesa@NC
shows only a dominant peak in the R space at ca. 1.5 A, most likely
arising from the Fe-N/O scattering path, and the absence of Fe-Fe paths
confirms the formation of single Fe atomic sites in the sample. By
contrast, in addition to the Fe-N/O peak, Fess/ac@NC also exhibited a
peak close to 2.3 A that can be ascribed to the Fe-Fe path, in good
agreement with the formation of Fe clusters in the samples (Fig. 3d and
Table S6), as manifested in the above TEM measurements (Fig. 2).
Fitting of the EXAFS data shows that the coordination number (CN) of
Fe-N/O was about 4.11 for Fesa@NC, and 3.72 for Fesa/ac@NC, both

close to 4 (and the Fe-Fe CN of the latter was 1.97). In wavelet transform
EXAFS analysis (Fig. 3e and S13), Fega@NC exhibited only one intensity
maximum at around 4.0 A~!, consistent with the structure analogous to
that of iron porphyrin (FePc), suggesting the formation of Fe single atom
moieties in the form of FeNy; whereas Fega/ac@NC displayed a second
intensity maximum at ca. 7.3 A1, due to Fe-Fe scattering. The negative
shift in K values (ca. 8 A’l) from the Fe-Fe bonds in iron foils likely arose
from the different coordination environments of the iron species in the
clusters [19,30,51]. Taken together, these results confirmed the for-
mation of both Fe SAs and ACs in Fegp/ac@NC whereas only SAs in
FeSA@NC.

The electronic properties of the samples were further examined by
UV-vis diffuse reflectance spectroscopy (DRS) measurements [52-54].
From Fig. S14, the band gap was estimated to be about 1.8 eV for Feg.
A@NC and somewhat higher at 1.91 eV for Fegy/ac@NC, suggesting an
increase of the splitting of the planar quadrilateral field of the FeNy
moieties [54,55]. The increase of the ey orbital energy suggests reduced
filling of electrons in the orbital and hence a variation of the sample spin
state, which was further confirmed in zero-field cooling (ZFC)
temperature-dependent magnetization measurements. At low
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temperatures (Fig. S15), Fesa@NC shows a stronger Curie tail than
Fesa/ac@NC. This clearly indicates a decrease of the number of free
electrons in the latter. In fact, the effective magnetic moment (jlefr) was
estimated to be 5.92 pp for Fega@NC, whereas only 3.25 pp for Feg.
A/ac@NC. This suggests that the crystal field of the planar quadrilateral
FeN4 becomes stronger with the formation of Fe clusters, which in-
creases the splitting and the ey orbital energy, makes it difficult for
electrons to fill the high-energy orbitals, and leads to a decrease of the
spin state. According to the equation peg = +/n(n—+2) [27,29], the
number of unpaired d electron (n) was estimated to be about 5.0 and 2.4,
respectively. In combination with the valence analysis in XANES mea-
surements (Fig. 3a-b), it can be concluded that the FeN4 moieties in
Fespn@NC are in a high-spin state, with a high degree of e, filling (d21
d,zg,l); whereas only in medium spin in Fegy,ac@NC with the eg config-
uration of dyy2 dy,2 dx,1 d21. Note that the single dz? electrons in the
medium-spin state can easily interact with the n* antibonding orbital of
oxygen, resulting in a high ORR activity (vide infra). As transition metals
mostly possess an octahedral field [56-58], this suggests that the
introduction of octahedral atomic clusters in the planar tetragonal field
can increase the splitting of the planar tetragonal field, reduce the
electron leap to the eg orbitals and thus change the spin state of the
planar tetragonal field, leading to an improved performance in ORR.

3.3. Computational study

To further understand the influence of Fe clusters on the spin state of
FeNy, DFT calculations were carried out to construct the free energy
diagrams (Fig. 4a). From Fig. 4b, it can be seen that the ORR paths are
downhill for all samples at 0V, suggestive of the exothermic and
spontaneous nature; whereas at 1.23 V, the fourth step can be seen to

possess the largest free energy barrier (Table S7), suggesting that the
desorption of OH* (OH*+H"+e ->H50) from the active site is the rate
determining step (RDS).

Although the RDS is the same for all samples at 0 V (Fig. 4b and
Table S7), the free energy change for Fega,ac@NC (—1.30 eV) is lower
than that for Fega@NC (—0.98 eV), suggesting that Fega,ac@NC is
thermodynamically more favorable as the atomic cluster likely acts as an
activity booster. Indeed, electron redistribution is observed in charge
density analysis (Fig. 4c-d), where electron transfer occurs from the Fe
SA centers in Fegy@NC to the adjacent carbon substrate, making the Fe
centers electron-deficient. Yet in Fega,AC@NC (Fig. 4d), the Fe SA cen-
ters are actually richer in electron density, due to electron donation from
the Fe clusters to the FeNy sites, in good agreement with results from the
above XANES measurements. Note that electron-enriched Fe sites
facilitate electron transfer to the oxygen p* orbitals and the formation of
peroxide rather than superoxide intermediates, which is preferred for
the cleavage of the O-O bond and four-electron reduction pathway of
ORR [59-61].

Consistent results were obtained in EPR measurements. Fesa @NC
and Fegp,/Ac@NC both exhibited obvious signals near the magnetic field
intensity of 3500 G (Fig. 4e), indicating the existence of unpaired elec-
trons in both materials. Yet, the peak-to-peak intensity was higher in the
former than in the latter, suggesting more unpaired electrons in Feg.
A@NC than in Fega,ac@NC (Fig. 4f). Notably, an even lower signal was
observed with Fega/ac@NC(10) that was prepared at a higher Fe-ZIF-8
to g-C3Ny feed ratio, suggesting that the Fe atomic sites were likely in
the low-spin state (Fig. S16). This is in accord with the afore-mentioned
variation of the Fe spin states due to electron transfer from the adjacent
Fe clusters — Fega/ac@NC(10) even contained a substantial amount of
metallic Fe most likely in the form of larger nanoparticles (Fig. S12). The
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relationship between the Fe d orbitals of Fesa @NC and Fega/ac@NC and
the adsorption intermediate orbitals is shown in Fig. 4g-h. For the high-
spin Fe(II[)Ny sites of Fesa@NC, the eg and ty, orbitals were semi-filled
forming a tggeé configuration, and upon the adsorption of oxygen in-
termediates, the bonds are stronger because the bond order with high-
spin Fe(Il[)Ny4 is greater than that with medium-spin Fe(I[)N4. Note
that stronger adsorption of intermediate products may be unfavorable
for product desorption and hence compromise the ORR activity (vide
infra), as the RDS is step 4, desorption of OH species (Fig. 4b). This is
indeed manifested in electrochemical measurements (vide infra).

Since the interaction between Fe>* and oxygen intermediate is pro-
portional to the bond order, the adsorption of *Oy on Fe(II)Ny4 is as
strong as that of *OH. However, medium-spin Fe(I)N4 shows stronger
adsorption of *Oy than of *OH, rendering it energetically more feasible
to capture the reactants and release the products from a thermodynamic
point of view. In addition, the stability of the active sites was studied
within the context of bond length stretching and shrinking. As shown in
Table S8, the average length of the Fe-N bond of FeN4 in Fesp@NC is
1.970 i\, significantly longer than that in Fesa/ac@NC (1.879 [o\),
consistent with the fitting results of the EXAFS data (Table S5). This
indicates that the Fe-N bond is more stable in Fegy/ac@NC, as deme-
talization typically starts from the stretching and breaking of the Fe-N
bond [19,24,62].

3.4. ORR activity and PEMFC performance
The electrocatalytic performance of the series of composites was then

studied and compared. As shown in Fig. 5a, the metal-free NC exhibited
a minimal activity with nonzero currents starting to appear at ca.

+ 0.7 Vin 0.1 M HClOy4; and the performance was markedly enhanced
with Fegpy@NC, indicating dominant contributions from the Fe single
atoms. The Fegy/ac@NC sample exhibited an even better performance,
featuring an onset potential (Eqpset) of +0.93 V and a half-wave potential
(E1/2) of +0.80V, in comparison to Fesa@NC (E;/2 = +0.77 V). The
corresponding turnover frequency (TOF) was estimated to be 0.47 e
site™! s for the former and 0.36 e site ! s~! for the latter (Fig. S17),
confirming the positive impact of adjacent Fe clusters on the ORR ac-
tivity of Fe SA sites. Note that the performance of Fega,/ac@NC is only
somewhat lower as compared to that of commercial Pt/C 40 wt% (E; »
= +0.86 V). In fact, Fegp,ac@NC represented the optimal sample within
the context of C3Ny initial feed (e.g., Fesa,ac@NC(10)) and pyrolysis
temperature (e.g., Fesa,ac@NC-800 and Fega,ac@NC-1000), consistent
with the variation of their spin properties (Figs. S16 and S18). The
corresponding Tafel plots are shown in Fig. 5b, where Fega,ac@NC
exhibited a Tafel slope of 52 mV dec™?, somewhat lower than those of
FeSA@NC (62 mV dec_l) and even Pt/C (57 mV dec_l), indicating
slightly faster electron-transfer kinetics.

In RRDE tests, the electron transfer number of ORR was estimated to
be 3.99 on Fegp,ac@NC, indicating that ORR followed the 4e” pathway,
and the corresponding hydrogen peroxide yield was minimal at less than
0.5% within the potential range of +0.1 to +0.8 V, much lower than that
(0.6-1%) for others in the sample series (Fig. 5¢). To verify that the
reaction step of the catalyst is dominated by the 4e” process, polarization
curves were collected at different rotation rates (Fig. S19). The calcu-
lations based on the Koutecky-Levich (K-L) equation indeed confirm that
ORR on Fegy/ac@NC primarily followed the 4e- pathway. Notably, no
significant change was observed in the methanol tolerance test with
Fesa ac@NC, whereas a sharp diminishment of the current density was
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observed under the same conditions with Pt/C, indicating remarkable
methanol tolerance by Fega,ac@NC (Fig. 4d). The Fega,ac@NC sample
also exhibited remarkable stability. In chronoamperometric tests at
+0.70 V in 0.1 M HClO4 (Fig. S20), 86% of the initial current density
were retained for Fegy,ac@NC after continuous operation for 50,000 s,
in comparison to 77% for Fesa@NC and only 61% for Pt/C.

The prepared FeNC composites were then used as the cathode cata-
lyst and commercial Pt/C as anode catalyst to construct a membrane
electrode assembly (MEA) for a Hy-O5 fuel cell (Fig. 6a; details in the
Supporting Information). From Fig. 6b it can be seen that the fuel cell
reached a peak power density of 0.8 W em 2 for Fesa/ac@NC, which
was markedly higher than those for Fesa@NC (0.5 W cm~2) and metal-
free NC (0.25 W ecm %) but remained subpar as compared to that of
commercial Pt/C (1.01 W em™2). Such performances are markedly bet-
ter than a number of relevant catalysts reported previously (Table S9).
As can be seen from Fig. 6¢, the Fega/ac@NC cell exhibits a current
density up to 0.85 A cm 2 at 0.7 V, much higher than others, Fesgs@NC
(0. 09 A cm’z) and NC (0.04 A cm’z) but lower than that of Pt/C
(1.05 A ecm ™). In fact, Fesa,ac@NC represent the optimal composition
within the preset experimental context (Fig. S21).

The stability of the nanocomposites in fuel cell was then evaluated by
holding the voltage at 0.7 V for up to 48 h. From Fig. 6d, it can be seen
that Fesa,ac@NC clearly outperformed Fega @NC within this long period
of operation, although the current density exhibited an apparent decay.
Further studies are desired to unravel the deactivation mechanism and
to enhance the structural integrity of the FeNC catalysts during long-
term operation.

4. Conclusion

In summary, highly stable and active FeNC nanocomposites were
prepared as ORR catalysts for PEMFC, where Fe few-atom clusters were
found to drastically impact the spin state of the adjacent Fe single atom
sites and enhance the ORR activity and fuel cell performance. Specif-
ically, the cluster-free Fesa@NC was found to consist primarily of a Fe
(HI)—egtgg configuration with a relatively low splitting energy. Yet, with
the formation of adjacent Fe few-atom clusters, the octahedral field of Fe
ACs markedly enhanced the crystal field of the Fe SA sites in Fega,
Ac@NC, resulting in the electrons rearrangement and a Fe(II)-eélgtgg
configuration. This resulted in optimization of the adsorption/desorp-
tion of key oxygen intermediates and RDS energetics, leading to a
remarkable ORR performance and good stability in acidic media and a
maximum power density of 0.8 Wem ™2 as a fuel cell cathode and
excellent stability in PEMFC. Results from this work, through a delib-
erate integration of theory and experiment, highlight the significance of
structural engineering in the manipulation of the spin state of Fe atomic
centers in FeNC composites and hence optimization of the electro-
catalytic performance. Such unique mechanistic insights can be exploi-
ted for the rational design of high-performance catalysts and advance
electrochemical energy technologies.
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