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Abstract

Site density (SD) and turnover frequency (TOF) are the two fundamental kinetic
descriptors that determine the oxygen reduction activity of iron-nitrogen-carbon
(Fe—N-C) catalysts that represent the most promising alternatives to precious and
scarce platinum. However, it remains a grand challenge to simultaneously optimize
these two parameters in a single Fe—N—C catalyst. Here we show that treating a
typical Fe—N—C catalyst with ammonium iodine (NH.I) vapor via a one-step chemical
vapor deposition process not only increases the surface area and porosity of the
catalyst (and thus enhanced exposure of active sites) via the etching effect of the in-
situ released NHs, but also regulates the electronic structure of the Fe—N, moieties by
the iodine dopants incorporated into the carbon matrix. As a result, the NHI-treated
Fe-N-C catalyst possesses both high values in the SD of 2.15x10" sites g™ (x2
enhancement compared to the untreated counterpart) and TOF of 3.71 electrons site™
s™' (x3 enhancement) that correspond to a high mass activity of 12.78 A g™, as
determined by in-situ nitrite stripping technique. Moreover, this catalyst exhibits an
excellent oxygen reduction activity in base with a half-wave potential (Ei.) of 0.924
V and acceptable activity in acid with E;, = 0.795 V, and superior power density of

249.1 mW cm™ in a zinc-air battery.
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Introduction

Electrochemical energy conversion devices such as fuel cells and metal-air batteries
play critical roles in addressing the global environmental and energy crisis."* The
oxygen reduction reaction (ORR) occurring at the cathode of these devices requires
the use of platinum (Pt)-based catalysts to promote its sluggish kinetics. However, the
high cost and scarcity of Pt precludes its widespread deployment, thus calling for the
development of Pt-group metal-free (PGM-free) catalysts with comparable or even
superior catalytic activity.” © Among Pt-free candidates, iron-nitrogen-carbon
(Fe—N-C) catalysts, with atomically dispersed Fe—N, active sites embedded in the
carbon matrix, are most promising for their encouraging ORR activity in both acidic

and alkaline electrolytes."”"'!

Fe—N-C catalysts are commonly synthesized by the pyrolysis of iron-, nitrogen-
and carbon-containing precursors and their ORR activity has been dramatically
improved over the past decades by varying the precursor combinations and/or
pyrolysis conditions.™ ' Nevertheless, the current understanding of the correlation
between the synthesis and experimentally observed catalytic activity has remained
somewhat elusive and empirical, precluding the rational improvement in the ORR
activity of Fe-N-C catalysts."® ! Fortunately, this issue has been largely resolved
since effective methods (i.e., adsorption/desorption techniques with CO or NO as the
probe molecules) became available to identify and quantify the Fe sites located at the
surface of Fe—N—C catalysts, which enables the deconvolution of the overall activity

of mass specific current density (jm) into the per-site intrinsic activity of turnover
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frequency (TOF) and site density (SD), according to: j,[A g'] =SD [sites g™'] x TOF
[electron site! s7!] x e [C electron!].">"! As such, TOF and SD are considered the
two fundamental descriptors of the kinetic reactivity of Fe—-N—C catalysts and can

provide catalyst synthesis guidelines for performance improvements.

Based on the above equation, synthetic approaches to increasing either the TOF
value or the SD value could result in the improvement in the overall activity of
Fe—N-C catalysts. For the intrinsic TOF, it is dictated by the electronic structure of
the Fe sites that determines the adsorption strength of oxygen intermediates.
Accordingly, enhancements in the TOF value have been achieved by various
electronic structure tuning strategies, among which heteroatoms (e.g., O, S, B and P)
are most frequently adopted to modulate the Fe coordination environments either in
the first coordination sphere or the outer coordination spheres."®! As for the SD, it is
affected by both the content of the atomically dispersed Fe and the utilization
efficiency of the Fe—-N, active sites.”” ! To increase the SD value, a variety of
modifications in the pyrolysis synthesis were introduced.”>*' Notable examples
include the exchanging of Fe into a preformed Zn—-N-C matrix to achieve high Fe
loadings, and introducing silica coating into the pyrolysis precursors to enhance the
accessibility of the Fe—N, sites by improving the porosity and surface area of the
Fe—-N-C catalyst.”® 7 However, the majority of existing strategies to develop more
active Fe—N—C catalysts focus solely on either the TOF or the SD; worse still, there
were cases when trade-offs had to be made, i.e., the increase in the TOF was achieved

at the sacrifice of the SD or vice versa.'”® For example, the switch from polyaniline to
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zeolitic imidazole framework (ZIF) as the C/N precursors for synthesizing Fe—N—-C
catalysts led to ~ 3 times enhancement in the TOF, which however was offset by the
lowering in the SD to the similar extent, thus resulting in negligible improvement in
the overall activity."® To overcome this dilemma, it is imperative to explore new

strategies to optimize TOF and SD of Fe—N—C catalysts in a concerted manner.

“Two-in-one strategy”
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Figure 1. Synthesis and characterizations of Fe—N—Cyugi. (a) Schematic illustration

of the “two-in-one strategy” for boosting the TOF and SD values of Fe—N-C via a

one-step NH.I treatment. (b) SEM image, (c) low-magnification TEM image, and (d)

high-magnification TEM image of Fe-N-Cyug.. (e) The FT-EXAFS spectra for

Fe—N-C,, Fe—N—-Cnn3 and Fe—N—Cnugi, along with reference samples of Fe foil, FeO

and FePc. (f) EXAFS fitting curve at R space for Fe—N—Cyng4:. (g) Fe K-edge EXAFS-

WT contour plots of Fe-N—C,, Fe~N—Cyy3 and Fe—N—Cnu4u.

Herein, we developed an Fe—N-C catalyst that simultaneously achieved high SD
and TOF values through a one-step treatment of a pristine Fe—N—C material with
ammonium iodine (NH4I) vapor in a facile chemical vapor deposition process. The
high-temperature NH,I treatment not only increased the surface area (from 801.4 m?
g to 1413.7 m? g') by producing abundant defects and pores in the carbon substrate,
but also optimally modified the electronic structure of the Fe sites by incorporating

the iodine (I) atom dopants into the carbon matrix (Figure 1a). In-situ nitrite stripping

quantified that the NHl-treated Fe—N—C catalyst (denoted as Fe—~N—Cnn4) has a SD

value of 2.15x10" sites g™ paired with a TOF value of 3.71 electrons site™ s™,
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resulting in a high mass activity with j, = 12.78 A g'. Notably, the SD and TOF
values of this catalyst are ~ 2 times and ~ 3 times, respectively, higher than those of
the untreated counterpart. Multiple experimental characterizations combined with
density functional theory calculations reveal that the I dopants could regulate the d-

band center of the catalyst to offer optimal adsorption strength of the oxygen

intermediates and thus promote the ORR process. Together, Fe~IN—Cnug: exhibited an

excellent ORR activity in base in a rotating ring disk electrode (RRDE) and Zn-air

battery measurements, along with acceptable activity in acid.

Results and Discussion

Catalyst synthesis and characterizations. The preparation steps of Fe—N—Cyugi
were schematically illustrated in Figure S1. Briefly, a pristine Fe—-N—C material
(denoted as Fe—-N-C,) was firstly prepared by carbonizing Fe-doped ZIF-8
nanocrystals at 1000 °C for 2 h under Ar atmosphere, which has now become a
standard and most popular protocol to prepare Fe—-N—C catalysts.3" Then, Fe-N-C,

and NH4I powder were placed in two separate porcelain boats with NH4I in the

upstream of the quartz tube furnace and secondary pyrolysis was performed at 850 °C

for 1 h under Ar atmosphere to obtain the final product of Fe—~N—Cnug:. To highlight

the importance of I dopants in modifying the electronic structure and catalytic activity

of Fe-N—-Cnngi, a control sample was prepared following the similar procedures
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except that NH4I was removed during the second-step pyrolysis and the gaseous

atmosphere was switched from Ar to Ar/NH;. The resultant control catalyst is denoted

as Fe—-N-Cyu3.

From scanning electron microscopy (SEM) and low-magnification transmission

electron microscopy (TEM) characterizations (Figure 1b,c and Figure S2),

Fe—N—-Cnugi, Fe-N—Cynn3 and Fe—-N-C, all present a truncated polyhedron shape with

the particle size in the range of 200 — 300 nm, similar to the non-pyrolyzed ZIF-8
precursor. Additionally, no Fe-derived metal clusters or nanoparticles were observed.
The absence of metal crystallites was confirmed by the X-ray diffraction patterns
(Figure S3). High-magnification TEM images display the disordered carbon layers
with randomly oriented graphitic domains in these three catalysts (Figure 1d and
Figure S4).*" The existent form of the Fe metals was investigated by extended X-ray

absorption fine structure (EXAFS) analysis at the Fe K-edge. Figure le shows the

EXAFS Fourier transform (FT-EXAFS) of Fe—~N—Cnngi;, Fe-N-Cyu3 and Fe-N-C,,

along with the reference samples of Fe foil, FeO and iron phthalocyanine (FePc).

Similar to FePc, Fe~IN—Cnnugi, Fe—~N—Cyu3 and Fe—N-C, all present a major peak at ~

1.46 A, which is much shorter than the Fe—O peak at 1.59 A for the FeOs octahedra in

FeO and therefore can be assigned to the backscattering between Fe and light atoms.
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(521 The minor peak at ~2.5 A could be attributed to the scattering path of Fe—C in the
second coordination sphere of the Fe site.® 3% In addition, the Fe—Fe bond at 2.14 A
in Fe foil was absent in the three catalysts, excluding the existence of metallic Fe

crystallites. Quantitative least-squares EXAFS curve-fitting analysis in R and k space

determines that the coordination numbers of the Fe-N path in Fe—N-Cyuyi,

Fe—-N-Cyu3 and Fe-N-C, are all close to 4.0, suggesting the adoption of the Fe—N,

coordination configuration (Figure 1f, Figure S5 and Table S1). EXAFS wavelet
transform (EXAFS-WT) analysis, which can discriminate the backscattering atoms
even when they overlap substantially in R-space by providing not only radial distance
resolution but also k-space resolution, confirms the atomic dispersion of the Fe in the
three catalysts as the spectra detects only one intensity maximum at ~ 4.0 A™ in k
space that can be ascribed to the Fe—N contributions (Figure 1g), and no spectral

features ascribed to possible Fe-I bonding were observed.™
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Figure 2. NH,I treatment-induced changes in composition and electronic structure. (a)

XPS survey spectra of Fe—-N-C,, Fe-N—Cxu3 and Fe—~N—Cxugi. (b) High-resolution

XPS T 3d spectra of Fe—~N—Cxugi. () HAADF-STEM image of Fe—N—Cyngi. The Fe

atoms and I atoms with different Z contrasts are marked by red and yellow circles,

respectively. The inset shows the intensity profiles along X-Y in the image. (d) EDS

elemental maps of C, N, Fe and I in Fe—~N—Cyug:. (e) Fe K-edge XANES spectra of

Fe-N-C,, Fe~N-Cnu3, Fe~N—Cyus: and the reference samples. The inset shows the

fitted average oxidation states of Fe derived from the XANES spectra. (f) High-
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resolution XPS Fe 2p spectra of Fe-N-C,, Fe—~N—Cyu3 and Fe—-N—Cxug:. (g) XANES

spectra at the Fe L-edge of Fe—~N—C,, Fe~N—Cnun3 and Fe—~N—Cxug.

NH.I treatment-induced compositional and structural changes. The compositions

of the catalysts were probed by X-ray photoelectron spectroscopy (XPS). XPS survey

spectra reveal the obvious presence of C, N and O elements in Fe—N—Cyuy,

Fe—-N-Cyu3 and Fe-N-C,, while an additional peak ascribed to the I element (0.14 at

%) was clearly observed in Fe—N—Cnug: (Figure 2a and Figure S6). From the high-

resolution XPS I 3d spectra of Fe—~N—Cyngi, the I 3ds, peak can be deconvoluted into

two peaks at ~ 618.9 and ~ 620.8 eV that can be assigned to the ionic C-1"-C and
covalent C-I species, respectively (Figure 2b).®® The peak for Fe in the XPS survey

spectra for all three catalysts was negligible due to its low content. The Fe contents

were determined to be similar for Fe-N—Cnn41 (1.85 wt%), Fe—-N—Cyu3 (1.97 wt%)

and Fe—-N-C, (1.47 wt%) by inductively coupled plasma mass spectrometry (ICP-
MS). The metal contents in these catalysts are comparable to those in previously

reported Fe—IN—-C catalysts (Table S2). The high-resolution XPS N 1s spectra were

11
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displayed in Figure S7 and four types of N species were identified, namely pyridinic
N (~ 398.7 eV), pyrrolic N (~ 400.1 eV), graphitic N (~ 401.2 eV) and N-oxide (~
402.8 eV). High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) reveals the presence of two sets (highlighted by red and yellow
circles) of evenly dispersed bright dots with different intensities, which were
identified to be Fe atoms and I atoms, respectively, via the Z-contrast analysis (Figure
2¢).”% STEM energy-dispersive X-ray spectrometry (EDS) elemental mapping shows

the uniform distribution of C, N, Fe and I elements throughout the sample of

Fe—N-Cnnai (Figure 2d). The uniform distribution of the atomic Fe sites and different

elements in Fe—N—-C, and Fe-IN—Cxu3 were observed in the corresponding HAADF-

STEM images and EDS elemental mappings (Figure S8). To further clarify the

existent form of I species in Fe—N—Cnngi, the I Ls-edge X-ray absorption near-edge

structure (XANES) spectra and FT-EXAFS spectra of Fe—-N—-Cyugi, along with

iohexol containing I-C bonds as reference, were analyzed (Figure S9). As shown in

the XANES spectra (Figure S9b), Fe-N—-Cyugi and iohexol displayed similar

absorption edges, suggesting the comparable coordination environment around the I

12
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atoms. From the FT-EXAFS spectra (Figure S9c), similar to iohexol, Fe—IN—Cnu4

exhibits a major peak at ~1.44 A, which can be assigned to the I-C bonding in the
first coordination shell, confirming the atomic dispersion of I elements and formation
of I-C bonds.®” *! Figure 2e displays the Fe K-edge XANES spectra of the three

catalysts, along with the reference samples of Fe foil, FeO and Fe,Os;. The XANES

profiles of Fe—~N—Cnngi, Fe-N—-Cyu3 and Fe—N-C, are markedly different from those

of the reference samples but are similar among themselves, suggesting their
comparable bonding configurations of the Fe sites. The absorption edges of the three
catalysts approached that of Fe;Os;, indicating that the Fe oxidation state was close to
+3. The first derivative curves of the Fe K-edge XANES spectra were utilized to
identify the average Fe oxidation state that was correlated with the K-edge absorption

position (Figure S10).” From the linear curve fitting obtained for Fe foil, FeO and

Fe,0; with different oxidation states, the Fe oxidation state of Fe—~N—Cnng: (+2.63) is

lower than that of Fe-N—Cyu3 (+2.89) and Fe—-N-C, (+2.93) (Figure 2e, inset). The

reduced Fe oxidation state in Fe~N—Cxug: was confirmed by the Fe 2p XPS and Fe L-

edge XANES spectra (Figure 2f,g and Figure S11), where significant negative shifts

in the peak positions were observed compared to Fe-N—Cyu3 and Fe-N—C,. Notably,

13



216

217

218

219

220

221

222

223

27
28

the comparable XPS and XANES peak positions and hence the Fe oxidation state

between Fe—N-Cyu3 and Fe—-N-C, highlight that the modulated electronic structure

of Fe—N—Cyng4 is induced by the I dopants.

aA —o—Fe-N-C b Micropore | Mesopore/macropore
7 _ 800 4 121 # -— — :
L Fe-N-Cyy, oo 10.04 =
g Fe-N-Cyy, IS [ £
£ 600+ < <
- 47 0:03 5
@ o o
= © @
S 400 5 &
g v | ~ ~
o 3 3
£ 200 S S
= © °
2
O L T T T T T T T ¥ T
0.0 0.2 0.4 0.6 0.8 1.0 08 1.2 1.6
Relative pressure (P/P,) Pore diameter (nm)
& ] BET surface area d 15/ ° Fe-N-C
1600 - Micropore 1.0 . : o F —N—Cp //
= 722 Meso/macropore o X gl NH;
NU’ | 0.8 mc» 121 ° Fe~N-Cy,
£ 1200 E /
~ - =2
© los g B $4. 57 piF sl AT e
g 2 2osf 5
© 800 § ¢ 7
9 040
8 q>a <06 16.97 mF cm™
(/?) 400 0.2 DB—
0.3+
0 0.0 . . T T T
N-Ce WO Ol 10 20 30 40 50
Ee te” te” Scan rate (mV s™)

Figure 3. NH.I treatment-induced changes in porous structures. (a) N, adsorption and

desorption isotherms of Fe—-N-C,, Fe~N—Cyu3 and Fe—~N—Cyugi. (b) The pore size

distributions for Fe—N—C,, Fe—N—Cyu3 and Fe—N—Cnug:. (c) Comparisons of the BET

specific surface areas, micropore volume and meso/macropore volume of Fe-N-C,,
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Fe—N-Cnn3 and Fe-N—-Cyugi. (d) The electrochemical double layer capacitance of

Fe—N—Cp, FE_N_CNH3 and FE_N_CNH41.

Besides the I-doping induced electronic tuning effect, the high-temperature NH.I

treatment can additionally generate porous structure in Fe—N—Cxng: by the etching

effect of the in-situ released NHs;. The specific surface area and porosity of the
catalysts were firstly investigated by N, sorption analysis (Figure 3a-c). All the three
catalysts display the mixed type-I and type-IV adsorption-desorption isotherms in the

low relative pressure (P/P; < 0.1) and the high pressure (P/P, > 0.8) regions,

indicating the characteristic of hierarchical porosity in the catalysts (Figure 3a).!“" #!

For Fe-N-C,, it possesses a Brunauer-Emmett-Teller (BET) surface area of 801.4 m?

g™, After being treated with NH4I or NHs, the surface areas of Fe—N-Cyug: and

Fe-N-Cnu3 were significantly increased to 1413.7 m® g and 1305.9 m® g7,

respectively. Additionally, from the N, sorption isotherms of Fe—-N-Cyug and

Fe—-N—-Cnu3, there is a sharp increase in the adsorption capacity at low relative

pressures (P/P, < 0.1), indicating that the increased surface area was mainly attributed

15
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to the enrichment in micropores, which were generated by the high-temperature
etching effects of NH; from either the decomposition of NH4I or the NH3 gas flow in
the second-step pyrolysis during catalysts preparation.*> ! Besides, pore size
distribution was analyzed using the Horvath-Kawazoe (HK) method for micropores (d

< 2 nm) and the Harrett-Joyner-Halenda (BJH) for mesopores and macropores (2 < d

< 100 nm)."** *! As shown in Figure 3b, Fe~N-Cnug: and Fe-N—-Cnus exhibit more

abundant micropores (centered at ~ 0.6 nm) and mesopores (centered at ~ 3.0 nm)
compared to Fe—~N—-C,. The micropore volume (Vnix) and meso/macropore volume

(Vimesormacro) Of the three catalysts were summarized in Figure 3c and Table S3. The

results show that Fe—~N—Cnugr has Vinico = 0.513 cm® g™ and Vimesomacro = 0.796 cm® g™,

higher than those of Fe~N-Cnuz (Vimico = 0.377 cm® 87", Vinesomacro = 0.545 cm® g ™) and

Fe~N-C, (Viico = 0.265 cm® g7, Vinesomaco = 0.364 cm® g™'). Raman spectra for the
three catalysts exhibit two peaks at ~ 1359 cm™ and ~ 1595 cm™ that can be assigned

to the disordered sp® carbon (D band) and graphitic sp* carbon (G band), respectively

(Figure S12). The Ip-to-I; ratios for Fe~IN—Cnyug1 (0.92) and Fe-N—-Cyn3 (0.91) were

larger than that of Fe—N-C, (0.87), suggesting the higher defective degree of the
carbon matrix in them. Additionally, the electrochemically active surface area (ECSA)

was estimated by measuring the double-layer capacitance (Cg) in the non-Faradaic

16
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potential range. The results show that the ECSA value of Fe~N—Cynug: (134.6 cm?) is

notably higher than those of Fe-N—Cyx3 (121.8 cm?) and Fe-N-C, (83.2 cm?®) (Figure

3d and Figure S13). The improved surface area and porosity, particularly

meso/macropores of Fe—IN—Cnugy, are beneficial for exposing more active sites.
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Figure 4. Analysis of SD and TOF. (a) Nitrite stripping voltammetry for Fe—-N-C,,

Fe—N-Cnn3 and Fe—~N—Cnug: in Nj-saturated 0.5 M acetate electrolyte buffer (pH =

5.2). (b) SD normalized by mass (SDmss) and BET surface area (SDger). (C)

Comparison of Fe utilization efficiency among Fe-N-C,, Fe-N-Cwu3 and
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Fe—N-Cnngi. (d) SDpmass-TOF maps with iso-mass activity curves at 0.80 V versus

RHE in 0.5 M acetate buffer electrolyte (pH = 5.2) comparing the ORR activity

metrics of Fe-N-C,, Fe—-N—Cyn3 and Fe—N—Cyug: developed in this work to recently

reported benchmark Fe—N—C catalysts. (€) SDmass-TOF maps with iso-mass activity

curves at 0.90 V versus RHE in 0.1 M KOH and 0.80 V versus RHE in 0.1 M HCIO,

comparing the ORR activity of Fe-N—C,, Fe~N—Cyyn3 and Fe—N—Cxug.

Analysis of SD and TOF. Some I-modified Fe-N—C catalysts have shown improved
ORR performances,“** but the SD and thus TOF values were not quantified,
preventing the deconvolution of the overall activity and further the understanding of

the origin for the enhanced apparent activity. In the present case, the SD values of

Fe-N-Cnngi, Fe-N-Cnxnz and Fe-N-C, were quantified by the in-situ

electrochemical stripping of NO formed by exposure to nitrite (NO,") in 0.5 M acetate
buffer electrolyte (pH = 5.2) (Figure S14)."° Well-defined reduction peaks resulting
from the reduction of NO, to form NO-Fe adduct were observed for the three
catalysts in their poisoned cyclic voltammetry (CV) curves between — 0.30 V and 0.30
V versus reversible hydrogen electrode (RHE) (Figure 4a). The SD values can be
estimated by the amounts of electric charge (Qsip) Nneeded to strip the adsorbed NO

via the three-electron reduction process to form hydroxylamine.”” The results show
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that Fe~N—Cnug: exhibited a Qs value of 10.32 C g™ that is about two times that of

Fe-N-C, (Qsip = 5.09 C g™) and notably higher than that of Fe~N-Cyn3 (Qsuip = 8.11

C g™). The corresponding SD values normalized by mass (SDmass) and BET surface

area (SDger) were compiled in Figure 4b, displaying that the values for Fe—-N—Cnu4

(SDpmass= 2.15%10" sites g™!, SDgpr = 1.52x10'° sites m ™) are higher than Fe~N—Cng3

(SDmass= 1.69%10" sites g', SDger = 1.29%10' sites m™?) and Fe~N—C, (SDass=
1.06x10" sites g™', SDggr = 1.32x10" sites m™?). The Fe utilization efficiency factor
(Ure), defined as the ratio of the number of electrochemically accessible Fe sites to the

total Fe sites from the ICP-MS results, was evaluated.'” **! As shown in Figure 4c,

Fe—N-Cnngi possesses a Ur. value of 10.30%, higher than those of Fe—N—Cnu3 (U =

8.86%) and Fe-N-C, (Ure = 6.69%), which can be ascribed to their differed surface

area and porosity.

To compare the intrinsic ORR activity among the three catalysts, their TOF
values were evaluated based on the above-determined SD.ss and the differential ORR

kinetic current densities of the poisoned and the non-poisoned state of the catalysts at

pH = 5.2. The TOF value of Fe~N—Cyug: was determined to be 3.71 e site™ s™ (at 0.8
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V versus RHE), which is higher than those of Fe—-N-Cyu3 (2.54 e site™ s') and

Fe-N-C, (1.27 e site' s™"). With SD and TOF values at hand, SD-TOF reactivity map
can be created to analyze the catalytic ORR reactivity (Figure 4d). The four
benchmark catalysts (CNRS, ICL, UNM and PAJ) and the recently reported catalyst
of Fe-NC*P“P* were included in the reactivity map for comparison purpose.'’” * It
can be seen that Fe-NC"P“® has the highest SDu.ss (4.7x10" sites g™) but
unsatisfactory TOF values (1.12 e site™ s™'), while the PAJ catalyst has the highest

TOF (7.23 e site”' s™) but disappointing SDpass (0.25x10" sites g™). In comparison,

our Fe—N—Cypuy: catalyst combines both high SDy,. and TOF values, which together

leads to a mass activity (jm = 12.78 A g™") higher than Fe-NC*""* (j,, = 8.43 A g™),

PAJ (jm = 2.89 A g™') and other benchmark catalysts. Considering that Fe=N-Cnyug:

performed excellently in alkaline and acid electrolytes (discussed later), we
established alternative SD-TOF maps of the catalysts in acid and base by combining
the SD from the NO; stripping measurements and the ORR kinetic current densities
determined in 0.1 M KOH and 0.1 M HCIO,, respectively (Figure 4e). The as-

determined TOFs in base and acid were denoted as TOFp.se and TOF,.q, respectively.

The calculation results show that Fe—~N—Cyug; exhibited a TOFy.e value of 11.33 e

site ! st at 0.90 V versus RHE and a TOF,qq value of 2.97 e site! s at 0.80 V versus

RHE, which are significantly superior to those of Fe=N-C, (TOFps = 1.46 e site™' s,
20



319 TOF.u = 1.64 e site' s7') and Fe~N—Cuypn3 (TOFpsse = 2.18 e site™ s, TOF,qq = 1.52 €

320 site's™).
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322 Figure 5. DFT calculations. The charge density difference (a) and the Bader charge

323 analysis (b) of Fe—-N-C,, Fe—-N—Cxu3 and Fe~N—-Cyugi. The brown and purple balls

324 represent C and I atoms, respectively. Yellow and cyan iso-surfaces represent charge

325 density accumulation and depletion areas, respectively, with the iso-value of 0.004

326 electrons Bohr™. (c) The PDOS of Fe in Fe—~N-C,, Fe~N—Cygn3 and Fe—N—Cyug1. The

327 Fermi level is set to 0 eV and the d-band center (dashed line) is labeled in the

328 diagram. The calculated free-energy diagram of ORR for three atomic structural
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models at U = 0 V (d) and U = 0.41 V (e) in the alkaline electrolyte. (f) The
dependence of AG+on on the bond length of Fe—O and (g) the calculated nors. The

inset in (f) shows the optimized configurations of *OH adsorbed on Fe—-N-C,,

Fe—N—CNHg and Fe_N_CNH41.

Insights into the enhanced intrinsic activity by DFT calculations. To elucidate the

underlying reason for the improved ORR intrinsic activity of Fe—~N—-Cnngi, density

functional theory (DFT) calculations were conducted. Given the uncertainty in the
coordination configuration of the I atom and the relative position between I and Fe,
six model catalysts were built (Figure S15 and S16). By using the formation energy

and ORR limiting potential as the screening metrics, the moiety with four C-

coordinated I atom close to the Fe site was selected to represent Fe—IN—Cnugi. In

addition, two additional model catalysts, including intact Fe—N, configuration and

Fe—N, with neighboring carbon vacancy, were constructed to represent the control

samples of Fe—-N—-C, and Fe—-N—Cxu3, respectively. The optimized structural models

for Fe—N—Cnugi, Fe~N—C, and Fe-N—-Cyu3 were displayed in Figure S17. As shown

in the charge density difference distribution plots (Figure 5a), Fe—N—C, displays a
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symmetrical charge distribution around the Fe center, while Fe-N-Cyuy3 and

Fe—N-Cnng1 undergo symmetry-breaking charge redistributions due to the electronic

perturbation by the carbon vacancy and the I dopant, respectively.®* > The degree of
charge transfer from Fe to the surrounding environment was found to be different

among the three catalysts. Specifically, the number of electrons transferred per Fe

atom is fewer for Fe~N—Cyug1 (1.141 |e|) than Fe—-N—-Cyu3 (1.168 |e|) and Fe-N-C,

(1.207 le]), giving it a lower Fe oxidation state, in line with the experimental results by

XANES and XPS (Figure 2e-g). The projected density of states (PDOS) analysis

revealed a negative shift of the d-band center for Fe—N—Cnng: (—1.311 eV) compared

to Fe—N-Cyu3 (-1.207 eV) and Fe—-N-C, (-1.097 eV), indicating that the adsorption

of the ORR intermediates could be weakened.™ **! To confirm this, the adsorption
behaviors and the charge density distribution of the catalysts absorbed with different

oxygen intermediates were analyzed (Figure S18 and S19). The results show that

Fe—N—-Cnugi exhibited the lowest degree of electron transfer between Fe and the

oxygen intermediates among the three catalysts, suggesting its weakened binding
between the Fe site and the reaction intermediates that could facilitate the ORR

process.
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The Gibbs free energy diagrams of the ORR reaction pathways for the three
catalysts at U = 0 V and 0.41 V reveal that the rate-determining step (RDS) of the

ORR is the desorption of the *OH intermediates and the theoretical overpotential

(norr) follows the order of Fe—N—Cnugi (0.62 V) < Fe-N—-Cyu3 (0.88 V) < Fe-N-C,

(1.00 V) (Figure 5d,e and Table S4,S5). Given that *OH is the key intermediate for
the RDS, the Fe—O bond length for the OH-adsorbed Fe moiety (i.e., Fe—OH adduct)
was calculated for the three catalysts (Table S6). As shown in Figure 5f, the Fe—O

bond length shows a linear relationship with the *OH adsorption energy of (AG-on).

Among the three catalysts, Fe—~N—Cyng: has the largest Fe—O bond length and thus the

weakest adsorption strength of *OH."” In addition, AG+ox is linearly correlated to the
calculated norr and the experimentally determined E., (Figure 5g and Figure S20),
suggesting that AG-on is a good descriptor to evaluate the ORR activity of the

catalysts. These DFT calculation results suggest that the incorporation of I dopants

can rearrange the electron distribution in Fe—~N—Cnug: to downshift the d-band center

and weaken the adsorption of oxygen intermediates to accelerate the 4-electron

transfer process, corroborating the experimental findings.
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Figure 6. ORR performance and application in Zn-air battery. (a) Polarization curves

in 0.1 M KOH for Fe-N—Cyug: and the control samples, along with commercial Pt/C

reference. (b) Tafel plots of the corresponding samples in (a). (¢) Comparison of Ei.

and jix at 0.90 V and 0.85 V versus RHE for Fe—N—Cxug: and the control samples. (d)

Comparison of ORR activities in terms of Ei, and jix at 0.85 V versus RHE between

Fe—-N-Cyugi and the state-of-the-art Fe-N-C or other M—N-C reported recently

(Table S7). (e) Polarization curves in 0.1 M HCIO,4 for Fe-N—Cyu4: and the control
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samples, along with commercial Pt/C reference. (f) The discharge polarization and the

corresponding power density curves of Zn-air batteries. (g) The long-term

discharge/charge cycling performance of Zn-air batteries with Fe~N—Cxug: and Pt/C

as ORR catalyst and RuO; as the OER catalyst at a current density of 10 mA cm™

(time constraint = 20 min per cycle). Inset: the voltage gap of the Zn—air battery based

on Fe—N—Cyug: + RuO; during the cycling test.

ORR performance and application in Zn-air battery. The ORR activity of

Fe—-N-Cnugi was firstly evaluated in 0.1 M KOH with the rotating disk electrode

(RDE). All potentials were converted to the RHE scale based on the calibration results

(Figure S21). It is noted that the ORR activity of Fe—~N—Cxug: had been optimized by

adjusting the amounts of Fe precursors and the temperature of the NH4I treatment

during preparation (Figure S22). From the CV curves, Fe-N—Cnug: exhibited a

notable O, reduction peak and largest cathodic peak current density compared with

control samples (Figure S23). Figure 6a presents the linear sweep voltammetry (LSV)

curves with 95% iR-compensation of Fe—N—Cnugi, Fe-N-Cyu3 and Fe-N-C,, along

with the commercial Pt/C for reference purpose. The ORR activity of the catalysts
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follows the trend of Fe—~N—Cnugi > Fe~N—-Cyu3 > Fe—N—C,. Specifically, Fe—N—Cnyua

has a half-wave potential (Ei») of 0.924 V, much more positive than those of

Fe—N-Cyn3 (0.875 V), Fe-N-C,(0.818 V) and Pt/C (0.853 V) (Figure 6c). Tafel plots

in Figure 6b reveal that Fe~IN—Cnug: possesses a much lower Tafel slope of 52.08 mV

dec™ compared to Fe~N-Cnu3 (67.14 mV dec™), Fe-N-C, (106.56 mV dec™) and Pt/

C (93.78 mV dec™). In addition, Fe~N—Cnug has a kinetic current density (ji) of

118.76 mA cm™ at 0.85 V and 15.92 mA cm™ at 0.90 V, significantly larger than the

control catalysts and the Pt/C reference (Figure 6c). The faster ORR kinetics of

Fe—N—-Cnugi was further corroborated by electrochemical impedance spectroscopy

(EIS) measurements (Figure S24). The electron transfer number (n) for Fe—N—Cnus

derived from rotating ring disk electrode (RRDE) tests fell within the 3.93-3.96
range, in line with Koutecky-Levich (K-L) plot analyses, suggesting the 4-electron

ORR process (Figure S25 and S26). When comparing the activity in terms of E;, and

jx with previously reported ORR catalysts, Fe~N—Cnng: ranks as one of the most
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active ORR catalysts (Figure 6d and Table S7). The catalytic stability of Fe~IN—Cnua

was evaluated by chronoamperometry technique and CV cycling (Figure S27). The

results show that Fe-N-Cyugi displayed a current retention of 96.7% after 11-h

continuous electrolysis at a constant potential of 0.80 V and only 12 mV degradation
in the value of E;, after 20000 CV scans, indicating its high durability that is
comparable or even superior to recently reported M—N-C catalysts (Table S8). XPS

and HAADF-STEM characterizations on the sample collected after stability tests

reveal that the atomic Fe dispersion and the I dopants were maintained in Fe—N—Cyus:

(Figure S28 and S29). Furthermore, Fe—N-Cnugqi revealed excellent methanol

resistance with negligible current decay after injecting methanol into the electrolyte

(Figure S30). The ORR activity of the catalysts was also evaluated in 0.1 M HCIO.,.

Notably, Fe=N—Cnug: shows a E1; of 0.795 V, a Tafel slope of 52.8 mV dec™’, and a jk

of 28.57 mA cm™ (at 0.75 V), superior to Fe—-N—Cyyu3 and Fe-N-C, (Figure 6e and

Figure S31).

Motivated by the excellent ORR performance of Fe—N—Cnugi, a primary Zn-air

battery was assembled with Zn foil as the anode and the carbon paper coated with

28



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

57
58

Fe—N-Cynsi as the cathode (Figure S32). The as-fabricated Zn-air battery exhibited a

high open circuit potential of 1.49 V and an outstanding specific capacity of 822.8
mAh gz,', which were superior to the batteries assembled with Fe-N-C, and Pt/C

(Figure S33). From the discharge polarization curves and the corresponding power

density curves in Figure 6f, Fe—-N—Cyug displayed the lowest overpotentials

(particularly at high current densities) among all tested samples and it exhibited a

peak power density of 249.1 mW cm™, outperforming Fe-N-C, (183.5 mW cm™)

and Pt/C (209.8 mW cm™). In addition, the better rate capability of Fe—N—Cyng: was

demonstrated by its higher discharge voltage plateaus compared to control samples
and smaller voltage drops when being discharged at various current densities (Figure

S34). Then, a rechargeable Zn-air battery was assembled with the composite catalyst

of Fe-N—-Cnugi + RuO, as the cathode. For comparison purpose, another Zn-air

battery was assembled with Pt/C + RuQO; as the cathode. The cycling performances of
these two batteries were evaluated by galvanostatic discharge-charge technique

(discharge time: 10 min; charge time:10 min) at a constant current density of 10 mA

cm ™. As shown in Figure 6g, for Fe~N—Cnugi + RuO,, the voltage gap between the

discharge and charge plateaus was 0.83 V during the initial few cycles and it increased

slightly to 0.84 V (10 mV degradation) after ~ 250 cycles and then to 0.94 V (110 mV
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degradation) after ~ 500 cycles, demonstrating its excellent cycling stability and
reversibility. In comparison, the battery assembled with Pt/C + RuO, suffered from

much more severe voltage increments within 200 cycles. It is noticeable that the

performance of Zn-air battery assembled with Fe~IN—Cyug; is superior or comparable

to those of the previously reported catalysts (Table S9). Furthermore, XPS and

HAADF-STEM characterizations on the cycled Fe-N—Cyug: catalyst suggested that

the atomic dispersion and uniform distribution of the Fe and I elements were well

maintained (Figure S35 and S36), highlighting the high structural stability of

FE—N—CNH41.

Conclusion

Numerous heteroatom doping strategies have been developed to optimize the
performance of the Fe—-N—-C catalysts with the focus on the enhancement of the
intrinsic activity via the electronic tuning effect. In contrast, results from the current
study demonstrated that treating a typical Fe—~N—C material with NH4I vapor via a
one-step chemical vapor deposition process could simultaneously increase the SD and
TOF values, leading to the development of a highly active Fe—-N-C ORR catalyst.
The high-temperature NH,I treatment increased the surface area and porosity of the
catalyst via etching the carbon matrix with the in-situ generated NH; from the

decomposition of NH.I, resulting in the enhanced exposure of active sites and thus a
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high SD value of 2.15x10" sites g™ (x2 enhancement compared to the untreated
Fe—-N-C catalyst). At the same time, the NH.I treatment enhanced the intrinsic
activity of the Fe—N—C catalyst by I dopants-induced electronic structure tuning that
led to the optimization of the adsorption strength of the ORR intermediates, offering a
high TOF value of 3.71 electrons site™ s (x3 enhancement). As a result, the NH,I-
treated Fe—N—-C catalyst performed excellently in both acidic and alkaline
electrolytes. Particularly, it exhibited a positive half-wave potential of 0.924 V, a high
kinetic current density of 118.76 mA cm™ at 0.85 V and superior power density of
249.1 mW cm™ in a Zn-air battery. Our two-in-one strategy by NH,I treatment is
general to improve the catalytic activity of other types of M—N-C catalysts by
simultaneously increasing the surface area/porosity and tuning the electronic structure
by I-doping, as demonstrated in the cases of Co-N—C and Mn—N-C (Figure S37, S38
and Table S10). This work provides a facile and efficient strategy to optimize the SD
and TOF values of the Fe—N—C catalysts in a concerted manner and can act to guide
the rational design and synthesis of highly active PGM-free catalysts for various

energy conversion devices.
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