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Abstract

Three-dimensional Fe-N-C aerogel catalysts for the oxygen reduction reaction (ORR) are prepared with resorcinol—
formaldehyde—melamine and iron precursor using one pot sol-gel process followed by supercritical drying and heat
treatment in nitrogen (N2) and then ammonia (NH3) atmospheres. We studied the effect of the synthesis conditions (Fe
precursor and Fe content) of organic aerogel and the heat treatment parameters (including temperature and duration) under
N2/NH3; atmosphere on the structural properties and ORR catalytic activities of the resulting Fe-N-C aerogel catalysts.
The Fe-N-C aerogel catalysts were characterized by X-ray diffraction, scanning electron microscopy, X-ray photoelectron
spectroscopy and Nz-adsorption/desorption, and the ORR activities were studied by the rotating disk electrode method. It
was found that the pore structure, the chemical composition and ultimately the ORR performance were largely affected
by the nature of iron precursor, iron content and the conditions of heat treatment. The catalysts using Iron (I111)
acetylacetonate as Fe precursor incorporated with 3 wt% of Fe followed by the HT at 800 °C for 1 h under N, and then
950 °C under NHsfor 30 min, showed the highest content of active site (Fe-Nx) and largest mesopore volume, resulting
in an enhanced catalytic activity and mass-transport property.
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1. Introduction

The oxygen reduction reaction (ORR) is one of the most important reactions in energy storage/conversion
systems such as PEM fuel cells (PEMFCs), Metal-air batteries etc. In PEMFCs, the kinetics of the ORR occurred at the
cathode is found to be five times slower than the kinetics at the anode, leading to a high voltage loss through the system
and as a result a diminished overall performance. To date, Pt-based catalysts are still considered as the most efficient
catalysts for the ORR, whereas the high cost, scarcity and the poor durability of Pt hinder the practical application of
PEMFCs [1]. Therefore, developing non-precious metal catalysts (NPMCs) for the ORR is of extreme significance and
could be a long-term solution to realize the commercialization of PEMFCs. Among various NPMCs (e.g. transition metal
oxides, carbides, nitrides, chalcogenides, metal-N-C catalysts, etc.), Fe-N-C materials have been regarded as the most
promising alternative for the ORR in acidic medium [1-4]. In the past decade, much progress has been made in improving
the activity and durability of the Fe-N-C catalysts and understanding the mechanisms in Fe-N-C-based ORR catalysis [1-

4.

So far, there are mainly two ways to prepare Fe-N-C catalyst. The first method involves the incorporation of Fe
and N into carbon (or N-doped carbon) materials (e.g. carbon black [5,6], carbon nanotubes [7,8], graphene [7], etc.) via
pyrolyzing carbon material in the presence of nitrogen (e.g. melamine, polyaniline, polydopamine, etc.) and iron
precursors at elevated temperatures under inert gas (N2 or Ar) and/or active gas (e.g. Hz, NH3) atmosphere. The other way
is to directly pyrolyze the mixture of C, N and Fe precursors under inert and/or reactive gas atmosphere where heteroatom-
doping and the formation graphitic carbon matrix occur at the same time [4]. To rationally design an efficient Fe-N-C
catalyst, two factors should be taken into consideration. First, the intrinsic activity of the catalytic sites needs to be
improved by adjusting the chemical composition of the catalysts and interactions between catalytic components. A
consensus has been reached that micropore hosted Fe-Nx sites exhibit the highest intrinsic ORR activity favoring the
desirable 4-electron transfer [9-12]. Second, the accessibility to active sites should be maximized to facilitate rapid mass
transport of ORR-related species (O, H*, H2O, etc.) within the catalyst layer, which is related to the quantity of
meso/macro pores within catalysts [12]. Therefore, preparing Fe-N-C catalysts with a high density of Fe—Ny moieties
embedded in 3D carbon matrix comprising both micropores and larger pores (meso- or macrospores) could be a solution

to combine the requirements for the high intrinsic activity and high accessibility to active sites.

Owing to the high surface area and pore volume, tunable pore size distribution, excellent electrical conductivity,
carbon aerogels (CAs) have been considered as promising materials with a wide range of applications, including
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supercapacitor [13,14], electro-sorption [15,16], metal air battery [17], and electrochemical reactions (e.g. ORR) in
PEMFCs [18,19]. The highly porous structure and 3D interconnected network of aerogel-based catalyst allow an easier
electrolyte access and better mass-transport capabilities. By incorporating N and Fe into carbon aerogels, 3D Fe,N-
containing carbon aerogels could be a promising candidate for the ORR. These carbon aerogel-based catalysts are
commonly prepared by sol-gel polycondensation of various organic monomers (such as resorcinol (R), melamine (M),
phenol [20], formaldehyde (F) etc.) followed by heat treatment (HT) at elevated temperatures. Ave Sarapuu et al. prepared
iron-containing nitrogen-doped CAs by pyrolysis of organic aerogels of variable composition from melamine, 5-
methylresorcinol and 2,6-dihydroxy-4-methyl- benzoic acid where iron is introduced by ionic exchange on the surface of
the gel. The ORR catalytic activity of the aerogel catalysts in alkaline electrolyte was found to increase with increasing
the N and Fe content [21]. Liu et al. have integrated different transition metals (Fe, Co, Ni, Tiand Zr) into N-doped carbon
xerogel prepared with resorcinol(R)-formaldehyde (F) resin as carbon precursor and NH3 as nitrogen source in post heat
treatment [22]. The results demonstrated that the metal had a great impact on both the ORR activity and physical properties
of the resulting catalyst, and the iron-containing catalyst showed a better ORR activity. Furthermore, high-surface-area
aerogel-like carbons were synthesized by Karina Elumeeva et al. based on carbonization of a specific ionic liquid (1-
butyl-3-metyl-pyridinium dicyanamide, Bmp-dca) in the presence of transition metal (Fe or Fe/Co) precursors in salt
melts [23]. The resulting catalysts exhibited high catalytic performance for the ORR in alkaline medium but a relatively
low performance in acidic electrolyte. Compared with some ZIF-based Fe-N-C catalysts, the catalytic activities of
reported carbon aerogels/xerogels were quite low especially in acid media [10,12,24]. It has been found that the structural
characteristics, compositions and ORR catalytic activities of the resulting CAs are largely dependent on synthesis
methods, choice of precursors (C, N and Fe precursors), synthesis conditions (pH, precursor composition) and HT

protocols [22,23,25,26].

Different from previous studies, in this work, Fe-N-C aerogel catalysts were synthetized for the first time by one
pot sol-gel polymerization process from resorcinol, melamine, formaldehyde and iron acetylacetonate (or iron acetate).
The resulting gels were dried under supercritical condition followed by the pyrolysis in nitrogen (N2) and then ammonia
(NHs) atmosphere. All the reactants are introduced in one pot, allowing a homogeneous distribution of carbon, nitrogen
and iron in the bulk and on the surface, even in the micropores where Fe-Ny active sites locate, ultimately achieving a
promising ORR catalytic activity. The impact of iron content and the nature of iron precursor on the structure and catalytic
performance in acid medium were investigated. Furthermore, the influences of the HT including the carbonization

temperature in inert gas (N2) and the duration of HT in NH3 have also been studied. The pore structures and chemical



compositions of carbon aerogel catalysts were easily adjusted by varying the iron content and pyrolysis conditions, leading
to an optimized mass-transport property and the highest intrinsic catalytic activity. In comparison to the reported aerogel-
based Fe-N-C catalysts in the literature, the optimized catalysts in this work show a better catalytic activity in acid media

in terms of onset potential, half-wave potential and mass activity [22,23].

2. Experimental

2.1. Sample synthesis

The Fe-containing hydrogels were prepared by a modified pre-polycondensation procedure using resorcinol (R),
formaldehyde (F), melamine (M) and iron salt (Fe) as precursors, sodium carbonate (C) as catalyst and deionized water
or ethanol as solvent (S) [15]. Fe-N-C aerogel catalysts with two different iron content, 1wt% and 3wt% were prepared
using two different iron precursors (Iron (111) acetylacetonate-Fe(acac)s and Iron (I1) acetate-FeAc,) in order to study the
impact of the nature of Fe precursor and Fe content on the resulting materials. The precursors were mixed at 70°C with
the molar ratio of 2:7:1:0.033:60 for R:F:M:C:S. Subsequently, the pH of the mixture was adjusted to 8 by adding NaOH
solution. Then, the gel was kept in water bath for 120 h at 70 °C for the aging process of the polymerized gel.
Subsequently, the hydrogels were subjected to water-acetone exchange procedure before CO, supercritical drying.
Afterward, the dried organic aerogel was carbonized at 800°C in N for 1 h. Then, the carbonized sample was well ground,
followed by a second pyrolysis at 950 °C under NHs. For the denomination of the as prepared catalyst, the carbon aerogel
catalysts with 1wt% of Fe using FeAc; as precursor heat-treated at 800 °C for 1h in N2 and 950 °C in NH; for 30 min was
denoted as CA-FeAc, 1wt%-800N2-950NH;. CA-Feacac, 3wt%-1050N2-950NH3-60min represents the carbon aerogel
catalyst with 3wt% of Fe using Fe(acac)s as Fe precursor and heat-treated at 1050 °C for 1h in N, followed by a second
HT at 950 °C in NHs for 60 min. For the purpose of comparison, Fe-free nitrogen-doped aerogel catalyst was also prepared
under the same condition as Fe-containing catalysts just without the addition of Fe salt. Furthermore, the hydrogel presents
an inconsistent texture due to the occurrence of sedimentation when 3wt% of Fe was incorporated using FeAc as iron
precursor. Due to the inhomogeneity, all characterizations on this sample were discarded considering the unreliable

reproducibility of the results.

2.2. Physicochemical characterization

Thermogravimetric analyses (TGA) were carried out by using a Labsys™ Evo TG instrument (Setaram, Caluire,
France). The samples were heated at 10 °C min' up to 1050 °C under an argon flow with a gas flow rate of 60 mL min‘™.

The morphologies of the catalysts were investigated by scanning electron microscopy (SEM, ZEISS SUPRA™ 40)
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operated at 3.0 kV. The surface area and pore characteristics of the catalysts were characterized by using nitrogen sorption
isotherms at —196 °C with a Micromeritics ASAP 2020 instrument. Prior to the measurement, the samples were degassed
under 10 mmHg at 200 °C for 496 minutes. The Ny-adsorption isotherms were used to determine specific surface area
(Seer), micropore volume (V,)), mesopore volume (Vmeso), total pore volume (V) and pore size distribution (PSD). Sger
was estimated using the Brunauer— Emmett-Teller (BET) equation. V't was determined from the adsorption volume at
the relative pressure of 0.995. The V,, Vmeso and micro-meso pore size distribution was calculated using the 2D-NLDFT-
HS model assuming surface heterogeneity of carbon pores and pores with a slit geometry [27,28]. X-ray diffraction (XRD)
analyses were performed using an X'pert Pro Philips diffractometer equipped with a Cu Ka source (A = 0.15406 nm)
operated at 45 kV and 30 mA. High score software was applied to determine the diffraction angles of the diffraction peaks
under study. X-ray photoelectron spectroscopy (XPS) was used to identify the chemical state and determine the atomic
concentration of chemical species in the samples. The measurements were performed using Thermo Scientific™ K-
Alpha™ XPS spectrometer equipped with an Al Kal,2 monochromatic source (1486.6 eV). All samples were analyzed
with a spot size of 200 um, and tests on four different spots of each sample were conducted to ensure the accuracy of the
measurement. A survey spectrum and higher resolution (HR) multiplex scan spectra (C1s, O1s, N1s and Fe2p core levels)
were obtained. Quantification of the elements was carried out with CasaXPS software (Casa Software Ltd.) by fitting the
core level spectra after a Shirley background removal. All HR-spectra were fitted using a Gaussian/Lorentzian line shape.
All spectra have been recalibrated with respect to the C 1s core level peak at 284.8 eV resulting from hydrocarbon

contaminants at the surface.
2.3. Electrochemical characterization

All electrocatalytic tests were performed in three-electrode cell at room temperature using a rotating disk
electrode (RDE, OrigaTrod) with a potentiostat/galvaniostat from Bio-Logic (HCP-803). Reversible hydrogen electrode
(RHE) and graphite electrode were used as the reference electrode and the counter electrode, respectively. A RDE with a
glassy carbon (GC, 0.196 cm?) was used as the substrate of the working electrode. The catalyst ink was prepared by
mixing 10 mg of ground catalyst, 95 pL of 5 wt% Nafion, 752 pL of ethanol and 46 pL of milliQ-grade H.O which was
subject to agitation and sonication alternatively for a total of 1 h. 7 uL of catalysts suspension was dropped onto the GC
electrode, resulting in a catalyst loading of 0.4 mg cm2.

All electrochemical tests were carried out in 0.05 M H,SO4 aqueous solution. Prior to each electrochemical test,
the electrolyte solution was purged with N (or O2) for 30 min, and N (or O) was kept burbling in the solution during

measurement but in a slower rate to maintain the gas atmosphere. Cyclic voltammetry (CV) between 0 and 1.0 V vs. RHE



at 50 mV s was carried out in unstirred Np-saturated solution until obtaining a reproducible signal. Linear scan
voltammetry (LSV) was performed at 10 mV s in O,-saturated electrolyte between 1.1 and 0 V vs. RHE under five
different rotation rates (1600, 1225, 900, 625 and 400 rpm).

All obtained data was ohmic-drop (iR-drop) corrected, where ohmic-drop was defined by the solution resistance
between the working electrode and the reference electrode. All LSV curves were corrected by subtracting the background
current recorded in N2-saturated electrolyte. The kinetic current density of catalysts controlled only by the ORR Kinetics

was calculated by the Koutecky-Levich (K-L) equation as follows:

11 1

k. JF Jum

where j, jr and j,;,, is the kinetic current density (in mA cm2), faradic current density
(in mA cm) and limiting current density (in mA cm), respectively.
The mass activity (in A g?) is defined by the following equation:
o=
where j,, > 0 and m is the catalyst loading (0.4 mg cm2) on the GC. j,, at 0.8 V recorded at 1600 rpm was reported and

compared.
3. Results and discussion

Thermogravimetric analyses were carried out in argon (Ar) from room temperature to 1050 °C to study the
impact of the nitrogen thermal treatment on the organic aerogels. The TG profiles are given in Fig. 1. Slight differences
could be observed on the final weight of the sample according to the synthesis parameters and the iron content. No visible
effect of the iron could be noticed. Indeed, the curves are similar and in accordance with those reported by Rasines [16]
and Vesela [29] obtained on resorcinol-melamine-based carbon materials witout iron. TG could be divided in three main
steps. Between 20 and 140 °C, the mass loss could be ascribed to the elimination of the water adsorbed on the surface
and probably the desorption of light residual organic precursors such as formaldehyde (about 9 wt%). The second step,
between 140 and 406 °C is attributed to the elimination of water adsorbed on the deepest pores of the aerogel and to the
beginning of the pyrolysis with the release of the volatile components (such as H.O, NHs and CO; [29]) due to the break
of methyl, hydroxyl and amine groups from aromatic nuclei (about 25 wt%). The sharp peak observed by dTG at 330 °C
is mainly correlated to the release of by-products from the decomposition of formaldehyde, melamine and ammonia [16].
The last step above 406 °C is carbonization due to the breaking of the C-H bonds with a release attributed to H,O, CO;

and H; (about 26 wt% and 32 wt% for the sample with the higher content in iron). The dTG showed the overlapping of



the step 2 and 3 which is in accordance with the attributed released gases [29]. Finally at 1050 °C the remaining mass is
between 34 and 38 wt%. From the TG profiles, it could be noted that the mass loss above 800 °C is not pronounced, so
all samples were firstly pyrolyzed at 800 °C in N for 1h in order to carbonize organic aerogels. The effect of NH3

treatment, Fe precursor and Fe content on the physiochemical properties and catalytic activities of as prepared aerogel

catalysts were firstly studied.
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Fig. 1 Thermogravimetric (TG) and dTG (inset) profiles of the synthesized hydrogels.
Fig. 2 displays the SEM images of the catalysts obtained using two different Fe precursors with two different Fe

content and the effect of the HT in NHj3 is shown. For comparison, the carbon aerogel without Fe is also presented.
Without NHs treatment (Fig. 2a), the Fe-free catalyst exhibits a smooth and compact morphology. The catalysts containing
1wt% Fe (Fig. 2b and 2d) show a rough surface irrespective of the type of Fe precursor employed, whereas the catalysts
with 3wt% Fe using Feacac as Fe precursor (Fig 2c) show a 3D porous morphology composed of interconnected
spheroidal nanoparticles. After NH3 treatment, some pinholes appear on the surface of Fe-free carbon aerogel (Fig. 2e)
and the textures of catalysts containing Fe (Fig. 2f, 2g and 2h) become fine and more porous, which is due to the formation

of micro- and mesopores during NH3 treatment procedure. These SEM observations were in line with the results of N

sorption shown as follows.
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‘Fig. 2 SEM of catalysts with and without pyrolysis in NH; for carbon aerogels without Fe (a and ), with 1wt% of Fe
using Feacac precursor (b and f), with 3wt% of Fe using Feacac precursor (¢ and g) and with 1wt% of Fe using FeAc
precursor (d and h).

The textures of the as-prepared aerogels were characterized by N sorption. Representative N
adsorption/desorption isotherms and PDS curves are shown in Fig. 3, and the relevant data is summarized in Table 1.
Independent on Fe precursor used, Fe content and NH3 treatment, all samples show a type IV isotherm, including features
associated with micro/mesoporous materials. The isotherm presents a steep rise at low pressures, indicating the presence
of micropores in large quantities, in particular for samples subjected to the NH3 thermal treatment. At higher pressures,
multilayer adsorption occurs, followed by pore condensation accompanied by a hysteresis loop. Catalyst with 3wt% Fe

presents a H1 hysteresis loop associated with porous materials possessing a narrow distribution of relatively uniform
)



pores. In contrast, catalysts without Fe and containing 1wt% Fe for both Fe precursors show H2 hysteresis loops,

indicative of interconnected networks of pores of different size and shape.

CA without Fe CA-Feacac, 1 wt%
1000 1400

: 1200} 5
/ \ A :

1000

e

>
—
B

=

g-l
>
=
=
T
Pore Volume (¢cm*/g nm)
° =
2
—
<
1
g°)
T
Pore Volume (¢cm*/g-nm)
= = =
) i =

o
=
=
T
e
s

800

~”

10

1
g Pore Diameter (nm), E 1 10
< Pore Diameter (nm)
b L =~ 600 |
5 400 >
—&— With NH, heat-treatment 400 -
200 ~&— Without NH, heat-treatment
200 - —&— Without NH, heat-treatment
—&— With NH, heat-treatment
0 L L L = L L 0 n 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 Lo 0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure P/P, Relative pressure P/P,
CA-Feacac, 3 wt% CA-FeAc, | wt%
1400 1400
Eos Sesr |
1200 & 1200 = I
E 04 lr/\ Eoaf ||
ks |/A 1000 F£,, /I\!
t = ' b0 % oold/ ‘
'Sﬁ 800 £ 00 - 800} 0.0 |
£ & =} 1 10 7
> 1 10 [>) Pore Diameter (nm) p
~ 600 F Pore Diameter (nm) ~ 600 4
- >
400 400
200 200 F
— —&— Without NH, heat-treatment With NH, beat-treatment
—&— With NH. heat-treatment ~&— Without NH, heat-treatment
0 A A i i } 1 ¢ 1 0 A A A A A A
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0

Relative pressure P/P, Relative pressure P/P,

Fig. 3 N2 adsorption isotherms at 77 K of the Fe-N-C aerogels pyrolyzed at 800 °C in N, with and without HT in NHa.
Inset: Pore size distribution plots obtained by using the 2D-NLDFT-HS method.

From Table 1, it can be noticed that the Fe content largely affects the porosity of the prepared materials.
Remarkable difference in the total and mesopore volumes could be observed when the Fe content increase from 0 to 1wt
% then to 3wt% event if the pH is maintained constant (pH=8). CAFeacac, 3wt% exhibits the highest meso-pore volume
which could facilitate the mass transport of ORR-related species (e.g. H*, O2, H2O etc.) within the catalyst layer.
Furthermore, regardless the iron precursor used the catalysts with a lower Fe content (1 wt%) exhibit a higher Sger which
is mainly contributed by the higher micro-pore content as confirmed by the increase in the ratio of Vmicro/Vmeso and is in
line with their dense morphologies observed by SEM. This suggests that the addition of Fe could promote the formation
of mesopores, leading to a higher total pore volume but a decreased Sger. A similar phenomenon was also observed when
carbon black additive was incorporated into carbon aerogel [30]. It was found that increasing the amount of carbon black
led to a higher total pore volume and an enlargement of the average mesopore size. Furthermore, it can be also noted that
BET surface area (Sger) and pore volumes (V, micro and meso) Of catalysts increase significantly after NHs treatment,

compared with their counterparts pyrolyzed only in N2. This significant increase in Sget and V1, micro and meso 1S due to the
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formation of micropores and mesopores during HT in NHs, which is proved by the increase in the value of micro-pore
volume (Vmicro) and meso-pore volume (Vmeso), as Well as verified by the PDS curves shown in the insets of Fig. 3. As
can be seen, there is a large increase in the pore volume in the micro/meso pore region for the catalysts heat-treated in
NHs;. The pore formation accompanied with mass loss during HT NHs is ascribed to the carbon gasification reaction
composed of the main reaction (C + NHs— HCN + Hy) and a minor reaction (C + 2H,— CH.) [31-33].

Table 1 Main textural parameters of the synthesized Fe-N-C aerogels derived from N, sorption

Iron precursor - Iron Sger Vt Vmicro Vmeso Vmicro/

Heat treatment content (wt %) (m?2g) (cm®*g?) (cm®*g?) (cm®*g?) Vineso
CA without Fe 234 0.2 0.07 0.12 0.58

800°C, N, CA-Feacac,1wt% 7 1.27 0.2 1.04 0.19
Without HT in NH;3 CA-Feacac,3 wt% 572 154 0.17 1.29 0.13
CA-FeAc,1wt% 682 0.81 0.18 0.6 0.30

CA without Fe 1442 0.86 0.49 0.30 1.63

. CA-Feacac,1wt% 1332 1.89 0.37 1.46 0.25

800°C, N,

With HT in NH; CA-Feacac,3 Wt% 1164 2.14 0.37 1.69 0.21
CA-FeAc,1wt% 1542 1.48 0.38 1.01 0.38

Fig. 4 shows the XRD patterns of the as-prepared catalysts. N>-pyrolyzed catalysts present two broad peaks at
around 25.5° and 44° assigned to (002) and (101) diffractions of carbon (JCPDS NO. 01-071-1621) with a low graphitic
degree. From the enlarged view in the range of 35-55°, XRD profile of CA-Feacac, 3 wt%-800N; exhibit FesC peaks
located at 37.6°, 42.8°, 45.8° and metallic Fea peaks at 44.7°, 65° and 82.3°. As the iron content decreases from 3wt% to
1wt%, the diffraction intensity of Fea decreases and FesC peaks become invisible. For catalysts containing 1wt% of Fe
using FeAc as iron precursor, only a weak peak at 44.7° could be seen attributed to the (110) reflection of Fea. After the
HT in NHs, the intensity of C (002) peak at 26° increased, which could be resulted from the enhanced graphitization
degree of carbon matrix at an elevated temperature of 950 °C and the gasification reaction of disordered carbon in catalysts
with NH3[6,33,34]. Two peaks at 43.7° and 50.8° emerge for all the Fe-containing catalysts with the HT in NHs, ascribed
to (111), (002) planes of Fe nitride (FeNo.os24, JCPDS NO. 01-075-2127) and/or Fey (JCPDS NO. 99-900-8470) which is
the phase appears above 910 °C based on the iron-carbon eutectic phase diagram. For Fe-free catalyst, only two broad
peaks at around 25.5° and 44° indexed to carbon could be observed before or after the HT in NHs. The graphitization
degree of Fe-free catalyst under the same HT conditions is apparently different from Fe-containing catalysts. This is

because Fe could promote the graphitization degree at elevated temperatures [35].
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Fig. 4 XRD patterns (Left) and enlarged view (Right) of Fe-containing and Fe-free aerogel catalysts

The chemical composition at the surface of the catalysts was probed by X-ray photoelectron spectroscopy (XPS).

The XPS survey spectra as shown in
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Fig. 5a reveal the signals of C, N, O, Na existing on the surface of all samples. The signal of Na is originated

from the catalyst (Na,CQO3) and NaOH used to adjust pH of initial solution during sol-gel process. As an example, all C

1s and N1s core-level spectra were deconvoluted as shown in
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Fig. 5c, respectively. The C1s core-level spectra was deconvoluted into six peaks centered at 284.8, 286.0, 286.8
eV, 287.8, 289.1 and 290.7 eV, respectively assigned to different C functionalities from C-C, C-N defects, C-O, HO-C=0

and 7-n* [36]. The N1s core-level spectra (
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Fig. 5¢) exhibit 5 characteristic peaks ascribed to pyridinic N (N-6), N coordinated to Fe (Fe-Ny, x< 4) for Fe-
containing catalysts, pyrrolic N (N-5), graphitic and/or quaternary N (N-Q) and N-Ox species at around 398.3, 399.4,
400.7, 401.9 and 404 eV, respectively [37,38]. The surface atomic composition and the relative content of different N
species are summarized in Table 2. First, it could be noted that catalysts with HT in NH3 show higher atomic N/C ratios.
This is because that the HT in NHs increases the incorporation of N on the surface of the aerogel catalysts, which agrees
with the observation in literature [33]. In addition, the HT in NHs also significantly influences the concentrations of
different N species on the surface, especially for Fe-containing aerogel catalysts. As shown in Fig. 5d, pronounced
evolution of N1s peaks could be seen when Fe-containing catalysts subjected to the HT in NHj3, displaying large increases
in the range attributed to N-6 and Fe-Ny along with the decrease in intensity ascribed to N-5, N-Q and N-Oy contents.
From the Table 2, it could be seen that the contents of N-6 and Fe-Ny increase about 1.5 times after NH3 treatment for all
Fe-containing aerogel catalysts. It has been established that N-6 and Fe-Nx largely contribute to the high catalytic activity
of Fe-N-C catalysts [39,40]. By contrast, only minor change in N1s profile could be observed when Fe-free catalyst
subjected to the same HT in NHs. If comparing the N composition of catalysts prepared with different Fe precursor and
different Fe content, no obvious distinction and trend could be noticed. These results reveal that the nature of Fe precursor
and Fe content have less influence on the N composition of Fe-containing catalyst compared with the impact of thermal
treatment in NHs. Furthermore, no Fe 2p peak could be seen for both Fe-containing and Fe-free aerogel catalysts without
NH3; treatment. For Fe-containing catalysts, it is probably due to that Fe is encapsulated by graphitized carbon layers at
elevated pyrolysis temperatures [38,39]. After NHs treatment, Fe 2p signals could be detected for Fe-containing catalysts.

It was found that catalyst with a higher Fe loading (3 wt%) exhibits a higher Fe/N atomic ratio and higher Fe-Ny content
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after NH3 treatment. It was reported that Fe content is a vital factor determining the ORR catalytic activity of Fe-N-C
catalyst. Jiang et al. reported the ORR activity increased as the amount of Fe precursor was increased, because the presence
of more crystalline Fe species was suggested to enhance the activity of the N and FeNj sites surrounding Fe nanoparticles

[41]. Xu et al. found that the Fe and Co salts introduced a higher content of pyridinic N and Me—Ny species, resulting in

a better activity compared to catalysts prepared from other transition metals or those prepared without the addition of a

metal [42].
Table 2 Surface Fe, N, and C atomic ratios and percentage of different N-species obtained by XPS.
Heat Iron precursor - Iron
treatment content (wt %) Fe/C N/C o/C Fe/N N-6 Fe-Nx N-5 N-Q N-Oy
CA without Fe - 0.049 0.141 - 4552 - 29.22 17.14 8.12
V?/F’t?]"cytﬁzT CA-Feacac,1wt% - 0015  0.028 - 2687 1293 3763 1515 7.42
1thou
in NHs CA-Feacac,3 wt% - 0015  0.028 - 2513 1117 4192 1395 7.83
CA-FeAc,1wt% - 0.014 0.078 - 23.35 17.53 35.60 16.01 7.52
CA without Fe - 0.029 0.031 - 4578 - 36.22 12.78 5.23
800°C, N CA-Feacac,1wt% 0.0006 0039 0028 0015 4015 2306 2105 9.80 5.95
W'tlr\‘l;” in CA-Feacac,3 Wi% 00007 0028 0025 0028 4059 235 2069 957 5.66
3
CA-FeAc,1wt% 0.0008 0.031 0.031 0.026 4274 25.38 18.45 8.88 455
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Fig. 5 XPS spectra and analyses of aerogel catalyst. Survey scans (a); High-resolution (HR) XPS spectra of C1s (b) and
N 1s (c) for CAFeacac, 3wt%-800N2-950NHS3;; The comparison of N 1s (d) spectra prepared under different conditions.

On the basis of the physico-chemical characterizations of as-synthesized aerogel catalysts, the catalysts subjected
to the second HT under NHjs clearly display more interesting features for the ORR, including higher specific surface area,
higher surface N and Fe contents and higher pyridinic N and Fe-Nx catalytic sites. According to the literature, these
characteristics are essential to obtain a higher ORR performance [1,12]. Therefore, the ORR performance evaluations by

RDE were conducted on the catalysts with the HT in NHs.
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Fig. 6a presents the cyclic voltammograms (CVs) of catalysts subjected to HT in NH3 recorded in Np-saturated
0.05 M H2SO4 aqueous solution. All the CVs exhibit a rectangle profile which is typical characteristic of carbonaceous
materials. The area-specific capacitance (the capacitance normalized by the specific surface area Sger) reflects the
magnitude of electrochemical surface area accessible to electrochemical reactions which is largely dependent on the
specific surface area (Sger) and the pore structure of catalysts [43]. The area-specific capacitances are 0.21, 0.24, 0.17
and 0.19 F cm™ for CAFeacac,1wt%-800N2-950NH;, CAFeacac,3wt%-800N2-950NHs, CAFeAc, 1wt%-800N2-950NH3
and Fe-free catalysts, respectively. The higher area-specific capacitance of CAFeacac,3wt%-800N,-950NHs is attributed
to its higher pore volume particularly the higher meso-pore volume which allows a better accessibility to the surface of
catalyst and could largely enhance the mass-transport properties of catalysts for the ORR. Fig. 6b compares the
polarization curves of the catalysts. First, substantial improvement in ORR performance of catalysts containing metal in
comparison with metal-free is observed, in terms of onset potential, half-wave potential and current densities within the
whole potential range. The better ORR performance of Fe-containing catalyst is mainly due to the presence of Fe-Nx
active sites. By contrast, Fe-free catalysts contain only C-Ny active sites which is less active than Fe-Nx for the ORR.
Among the Fe-containing catalysts, CAFeacac, 3wt%-800N2-950NH3; demonstrates the most positive onset potential of
0.845 V, the most positive half-wave potential of 0.72 V and the largest diffusion limiting current density compared to
the catalysts with a lower Fe content of 1wt%. Furthermore, it also exhibits the highest mass activity (jx) of 1.38 A g* at
0.8 V vs. RHE, higher than CAFeacac, 1wt%-800N2-950NH;, CAFeAc, 1wt%-800N2-950NH; and Fe-free aerogel with
jx of 0.88, 1.18 and 0.41 A g%, respectively. Compared with some reported aerogel-based ORR catalysts tested in acidic
medium, the ionic-liquid-derived carbon aerogel catalysts (NCA_CZ_Fe) showed a half-wave potential of 0.603 V which
is lower than our best CA catalyst CAFeacac, 3wt%-800N2-950NH3 with a higher half wave potential of 0.72V [23]. In
comparison to nitrogen-doped carbon xerogel doped with Fe (Fe-NCX), our best catalyst shows a more positive onset
potential of 0.845 V and a higher mass activity of 20.6 A g* at 0.7 V compared to 0.823 V and 8.6 A g* (3.257 mA cm
divided by 0.38 mg cm) for Fe-NCX, respectively [22]. Fig. 6¢ displays the Tafel plots of all the catalysts. The initial
Tafel slopes of Fe-containing catalysts are in the range of 64-66 mV dec™ close to the reported Fe-N-C catalysts in the
literature and are apparently lower than that of Fe-free catalyst (81 mV dec™) [44]. The lower initial Tafel slope indicate
a higher kinetics of Fe-containing catalysts for the ORR in comparison to Fe-Free catalysts. This is due to that the Fe-Ny
active sites in Fe-containing catalysts are more efficient for the ORR than C-Ny sites on Fe-free catalysts. The electron-
transfer number (n) of the catalysts over the potential range of 0.05-0.5 V were further studied by RDE analysis, as shown
in Fig. 6d. The n values of CAFeacac, 3wt%-800N>-950NH;z in in the range of 3.77-4.01, which is close to the theoretical

value of 4, indicating that the ORR occurs mainly through a 4-electron transfer. The observed enhancement in ORR
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activity of CAFeacac, 3wt%-800N,-950NH; could be correlated to its higher Fe-Ny content and Fe/N atomic ratio on the
surface. FeNy ensembles have been proven to be the most active sites for the ORR. Furthermore, it possesses a suitable
pore structure for the ORR containing adequate micro-pores to accommodate Fe-Ny sites and high mesopore volume up
to 1.69 cm?® g* largely promoting the mass-transport properties of catalysts layer as demonstrated by the sharp transition

region of kinetic-to-diffusion control in polarization curve and flat limiting current plateau.
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Fig. 6 CVs in 0.05 M H,SO, deaerated solution with a potential scan rate of 10 mV s (a), polarization curves in RDE at
1600 rpm at 10 mV s Op-saturated 0.05 M H,SO4 (b), tafel plots (c) and Electron-transfer number (d) over 0.05-0.7 V
of catalysts. Inset of Fig. 6d: The K-L plotat 0.1 V vs. RHE.

According to the study of the impact of Fe precursor and Fe content, we could conclude that the best aerogel
catalyst under study was obtained using Feacac as Fe precursor incorporated with 3wt% of Fe followed by the HT under
N and then NHs. It is well known that HT parameters largely influence the catalytic activity of the resulting catalyst,
including the HT temperature and duration in N2 and NHs atmosphere [4]. Therefore, a further optimization on the HT
parameters was conducted on CAFeacac-3wt% catalyst. First, the effect of carbonization temperature in N2 has been
studied. Organic aerogels were pyrolyzed at two different temperatures (800 and 1050 °C) for the same duration of 1h,
followed by a HT at 950 °C in NHj3 for 30 min. The important characteristics for ORR catalysts including pore texture,

chemical composition and ORR performance were studied by N, sorption, XPS and RDE techniques, respectively. The
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corresponding information is presented in Table 3. For both carbonization temperatures at 800 °C and 1050 °C, certain
weight losses could be observed during the pyrolysis in NHs, accompanied with the enhancement in Sger, pore volume
(total, micro- and meso-pore) and surface N content and particularly the content of Fe-Ny, and as a result a higher mass
activity compared with the catalysts pyrolyzed exclusively in N.. As for the effect of carbonization temperature,
CAFeacac-3wt%-800N,-950NH; exhibits a better ORR activity in terms of mass activity and half-wave potential
compared to the catalyst carbonized at 1050 °C followed by the same pyrolysis procedure in NHs. High carbonization
temperature at 1050 °C in N causes the collapse of pore networks within aerogel [45], and the decomposition of N-C, N-
Fe bonds on catalyst surface. This could be verified by the increase in the specific surface area surface and N (total N and
Fe-Ny) content of the catalysts carbonized at the lower temperature of 800 °C then subjected to HT in NH3. Furthermore,
it could be noticed that the weight loss during the pyrolysis in NHj3 is lower, when the catalyst was initially carbonized at
a higher temperature. With the same pyrolysis time of 30 min in NHs, the weight losses were 32% and 9.7% for catalysts
initially carbonized at 800 °C and 1050 °C. respectively. This is mainly due to that a higher initial pyrolysis temperature
in N leads to a higher graphitization degree, which could be verified by their TEM images (shown in Fig. S1 in the
support information). As can be seen from the TEM images, the catalyst subjected to the HT at 1050 °C shows the
interconnect grains part of which are apparently crystallized. The higher graphitization degree decreases the reaction rate
between carbon matrix and NHs, leading to a lower weight loss. According to the study of Jean-pol Dodelet’s group, there
is a direct correlation between the N content and the weight loss of the carbon matrix during the pyrolysis under NH3
atmosphere [46]. NHj; reacts with the disorganized carbon, fixing nitrogen atoms at the surface of the carbon matrix. The
higher initially carbonization temperature at 1050 °C leads to a lower mass loss during the pyrolysis in NHs, resulting in
lower nitrogen atoms fixed on the catalyst surface and eventually a lower N content demonstrated by XPS measurement.
To verify the weight loss effect, we have extended the duration of NH3 treatment to 1 h and a weight loss of 32% was
obtained for the catalyst initially pyrolyzed at 1050 °C in N2. The increase in the HT time in NH3 generates a higher
weight loss along with enhancements in Sger, pore volume (total, micro- and meso-pore) and surface N content and the
content of Fe-Ny, leading to a higher mass activity and half-wave potential compared with that initially carbonized at the
same temperature in N2 but with a shorter duration of 30 min in NHs. Based on the optimization study of HT conditions,
it was found that the best HT protocol for CAFeacac, 3wt% catalyst is carbonization at 800°C for 1h followed by the
second HT under NH;3 at 950 °C for 30 min. Even though the optimized catalytic activity of our new aerogel catalyst is
still inferior to the performance of some catalysts reported in the literature (with some of them investigated for a long
time), it is worth mentioning that most of better performed catalysts to date were synthesized from expensive precursors

such as Zn(ll) zeolitic imidazolate framework of formula ZnN.CgH1, (ZIF-8) [10,12,24]. For this work, big progress in
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catalytic performance for the ORR could be achieved by further adjusting other parameters of the synthesis process such
pH, the solid content and so on. Therefore, the work present here could be a good start point for the study of carbon
aerogel catalyst based on cheap precursors (R, F and M) and deserves further studies from both the fundamental and

practical point of view.
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Table 3 The information of CAFeacac, 3wt% catalyst under different pyrolysis conditions.

Temperature in N, (°C ) 800 800 1050 1050 1050
Duration in NH3 (min) 0 30 0 30 60
Weight loss in NH; - 32% - 9.70% 32%
jxat 0.8 V vs. RHE (A/g) - 1.38 - 0.4 0.69
Ei (V) 0.49 0.72 0.47 0.62 0.67
Fe/C (at%/at%) - 0.0007 - 0.0002 0.0007
N/C (at%/at%) 0.0147 0.028 0.009 0.018 0.0185
OIC (at%/at%) 0.028 0.025 0.023 0.021 0.033
Fe/N (at%/at%) - 0.025 - 0.011 0.040
Pyridinic N (N-6) 25.1 40.6 11.50 311 35.25
Fe-Ny 11.2 235 9.01 21.34 21.24
Pyrrolic N (N-5) 41.9 20.7 38.78 24.17 24,73
Quaternary N (N-Q) 14.0 9.6 28.72 15.43 13.05
Oxidized N 7.8 5.6 12.00 7.98 5.73
Sger (M? gY) 572 1164 401 697 1023
Vr (cm® g?) 1.54 2.14 1.37 1.82 1.96
Viicro (€M g2) 0.17 0.37 0.11 0.21 0.33
Vineso (€M g?) 1.29 1.69 1.16 1.52 1.56
V micro/ Vimeso 0.13 0.21 0.1 0.14 0.21

4. Conclusion

Fe-N-C aerogel catalysts have been prepared by one-pot sol gel polymerization of resorcinol, melamine,
formaldehyde and Fe precursors (Fe(acac)s or Fe(Ac):), followed by supercritical drying and HT in N2 and NH3; gas flow
at elevated temperatures. The impact of Fe precursor, Fe content and the HT conditions on the physicochemical properties
and ORR catalytic activity of the as-synthesized catalysts have been studied. It was found that the impact of NH3 is more
significant than the nature of Fe precursor and Fe content, affecting several important properties such as the relative
surface abundance of the Fe species, the surface N content, and electrochemically accessible surface area, all of which
contribute to an increased catalyst activity. Nevertheless, the nature of Fe precursors and Fe content mainly affect the

pore structure and has less impact on the composition of catalysts. Furthermore, the HT parameters were further optimized
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as a function of mass loss during the HT under NHs. It was found that a higher carbonization temperature leads to the
partial collapse of pore network and the decomposition of active N species, resulting in a lower catalytic activity
associated with the lower surface area, N surface content and Fe-Nx content. As a result, the carbon aerogel catalysts
incorporated with 3wt% of Fe using Feacac as Fe precursor followed by the HT at 800 °C for 1 h under N2 and then 950
°C under NH3 for 30 min, showed the highest catalytic activity in terms of onset potential and mass activity and the best

mass transport properties.
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