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Abstract

The rational design of efficient electrocatalysts for oxygen reduction reaction (ORR) is the key
to developing fuel cells and metal-air batteries. Carbon-supported iron-based materials, as
the most promising electrocatalysts for ORR, have drawn much attention as they are cost-
effective and exhibit high activity. In this work, a three-dimensional (3D) Fe30s-decorated N-
doped graphene aerogel (Fes0s/NGA) catalyst was synthesized following a simple
hydrothermal method which was followed by an annealing process. The complex formed
between Fe?* and phenanthroline was first used as the precursor of iron and nitrogen sources
to synthesize Fes04 nanocrystals. Benefiting from the synergistic effect between the uniformly
distributed Fe3Os nanoparticles and the 3D porous N-doped graphene aerogel, Fe30s/NGA
exhibits good electrocatalytic activity with a half-wave potential of 0.81 V. It also exhibits
excellent selectivity with low HOy vyield (<5%), and excellent long-time stability. The
encouraging results demonstrate that the Fes0s/NGA composite catalyst is a promising
candidate that can be used for the fabrication of non-precious electrocatalyst for ORR.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) and metal-air batteries, as efficient energy
conversion devices, have been widely studied in recent decades; however, the sluggish kinetics
characterizing the cathodic oxygen reduction reaction (ORR) restricts the development of these
systems [1, 2]. ORR is a complicated multielectron transfer process with various reaction pathways
(2e” and 4e’). Therefore, the rational design of electrocatalysts is the key to achieving superior
activity, high selectivity, and excellent durability [3]. Platinum-based catalysts exhibit excellent
catalytic activity towards 4e” ORR, but the high cost, poor stability, and methanol resistance of such
catalysts make it necessary to explore alternative candidates [4].

Transition metal compounds such as oxides [5-7], nitrides [8, 9], carbides [10], etc., have been
widely studied as efficient electrocatalysts. Fe-based compounds have been widely explored
catalysts. Fe is one of the earth-abundant transition metals. Fe3z0a, an oxide of Fe, is characterized
by good electrical conductivity (>100 S cm™), high specific surface area, and chemical stability in an
alkaline medium [11-13]. Nanostructured Fe304 species are considered one of the most promising
catalysts for ORR as they exhibit outstanding electrolytic activity [14, 15]. However, a series of
problems (such as the dissolution or corrosion) is encountered if pure Fes0s nanoparticles are
directly used as catalysts. Nanostructured Fes04 species can be combined with carbon materials to
form composite catalysts to effectively address these problems [16]. Especially, the nitrogen-doped
carbon materials [17, 18] are excellent candidates as the pyridinic-N and Fe-N-C have been reported
to be the active sites for ORR [19, 20]. Among these carbon materials, graphene has attracted
immense attention as it exhibits good conductivity, thermal stability, and chemical stability and is
characterized by a large surface area [21, 22]. Graphene oxide (GO), a common precursor for the
preparation of graphene, contains a large number of oxygen-containing groups on the surfaces and
edges. These groups can provide an abundant number of sites to attach with the metal species that
are used as precursors. The self-assembly of the systems during the hydrothermal process proceeds
via the participation of these functional groups. However, graphene is readily re-staked during the
hydrothermal process. This reduces the efficient surface area of the carbon support [23]. Therefore,
compared with the two-dimensional (2D) networks, the 3D structured graphene is more efficient
for ORR as it contains porous structures and functions through multiple electron and mass transfer
pathways, which can not only help avoid the re-stacking of graphene layers but also protect the
Fes0a4 nanoparticles from agglomeration and corrosion. The choice of iron and nitrogen sources is
the key to synthesizing Fe304 nanoparticles-decorated 3D structured graphene composite catalysts.
He et al. [24] combined Fe3* and GO via the electrostatic forces to synthesize the precursor of the
Fes304/rGO composite, while Yin et al. [23] synthesized the composite catalyst by exploiting the m-1t
interactions between iron (Il) phthalocyanine and GO suspension. However, the weak binding force
observed in electrostatic forces, and the high cost of iron (ll) phthalocyanine make it necessary to
find a more suitable raw material. As an extremely easy-to-synthesize complex, Fe(ll)
phenanthroline complex ([Fe(phen)s]?*) can combine with GO through both electrostatic forces and
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-1t interactions. This complex has never been used as the Fe and N sources to prepare
Fes0a/graphene composite catalysts for ORR.

Hence, we synthesized a 3D Fe30s-decorated nitrogen-doped graphene aerogel (Fes04/NGA) as
a highly durable electrocatalyst for ORR via the hydrothermal self-assembly of [Fe(phen)s;]?* and GO.
The process was followed by the process of annealing in N2. As sources of iron and nitrogen, [Fe
(phen)s])?* could be attached with GO via the oxygen-containing groups. The conjugated structure
of phenanthroline makes it feasible to attach to graphene via -1 interactions to form a stable
suspension in the absence of an additional chemical stabilizer. The interactions between
[Fe(phen)s]?* and GO can not only prevent the re-staking of the graphene layers during the
hydrothermal process but also helps avoid severe agglomeration of Fe304 nanoparticles during the
process of annealing treatment. The Fes304/NGA composite electrocatalyst exhibited a good
catalytic activity, with the half-wave potential being 0.81 V and the onset potential being 1.02 V at
0.1 mA cm™. In addition, the Fes04/NGA exhibited excellent methanol tolerance and stability, as
well as the high selectivity with low H,0; yield (<5%).

2. Experimental Section
2.1 Synthesis of Fe304/NGA

GO (100 mg) was prepared following a modified Hummer’s method. Subsequently, it was
dispersed in 40 mL of deionized water to form a homogeneous suspension under conditions of
ultrasonication. The mixture was continuously stirred. Following this, the solution containing
[Fe(phen)s]?* (100 mg), which was prepared by dissolving Fe(Ac), and phenanthroline (phen) in the
molar ratio of 1:3 in 10 mL deionized water, was added dropwise to the GO suspension under
conditions of stirring. The process was continued for 3 h. Subsequently, the mixed suspension was
transferred to a 100 mL Teflon-lined autoclave and reacted at 180°C for 12 h. Finally, the as-
prepared cylindrical gel was freeze-dried overnight and annealed in an atmosphere of N, at 900°C
for 2 h. The heating rate was maintained at 5°C min to prepare the composite catalyst Fe304/NGA-
1.0-900. The contrast catalysts were prepared following the same procedure described above. The
conditions of addition of [Fe(phen)s;]?** and the annealing temperature were changed, and the final
product was labeled Fes04/NGA-R-T (R represents the mass ratio between [Fe(phen)s]** and GO,
and T represents the annealing temperature).

2.2 Characterization

Scanning electron microscopy (SEM, Quanta 250FEG), transmission electron microscopy (TEM,
JEOL JEM-2100F), high-resolution TEM (HRTEM), and energy-dispersive X-ray spectroscopy (EDS
mapping) techniques were used to analyze the morphology of the catalysts. In addition, X-ray
diffraction (XRD) patterns were recorded on a Bruker D8 Advance system (Cu Ka radiation, A =
1.5408 A). Raman spectra were recorded on a LabRam Aramis using a 532 nm laser. The X-ray
photoelectron spectroscopy (XPS) technique was used for sample analysis (ESCALAB 250;
monochromic Al X-ray source). The Brunauer-Emmett-Teller (BET) data were recorded on
Micromeritics ASAP 2460.
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2.3 Electrochemical Measurements

The electrochemical measurements were carried out on an RRDE-3A Rotating Ring Disk Electrode
Rotator Ver.1.2 using a three-electrode system. A rotating disk electrode (RDE, ® 3 mm), a graphite
rod, and an Ag/AgCl (saturated KCl) system were used as the working, counter, and reference
electrodes, respectively. The catalyst (5 mg) was dispersed in 1 mL of an aqueous solution (50 pL; 5
wt.% Nafion + 200 pL ethanol + 750 uL DI water) by ultrasonication over a period of 1 h. Following
this, 5 pL of the ink was dropped onto the surface of the RDE. The mass loading of the catalyst was
353 ugcm.

The cyclic voltammetry (CV) technique was used for sample analysis. An Nz-saturated and O,-
saturated 0.1 M KOH solution was used to record the data at a scan rate of 10 mV s. The linear
sweep voltammetry (LSV) method was used for analysis using an O;-saturated 0.1 M KOH solution
by varying the rotating rates (400, 625, 900, 1225, 1600, and 2025 rpm at 10 mV s). The obtained
potential values were converted to the vs. RHE scale using the Nernst equation: Egyp = Egg/agct +
0.0591pH + 0.197. The number of transferred electrons (n) was calculated using the following
Koutecky-Levich (K-L) equation:

Yi=ye =t 1/( ) )

Bw?2

2 1
B = 0.62nFD] v™6Co,, (2)

where j is the disk current density; jk is the kinetic current density, jq is the diffusion-limiting current
density; B is the Levich constant, w is the rotating rate, F (96485 C mol™) is the Faradic constant, Do
(1.86 x 10 cm? s?1) is the diffusion coefficient of Oz, v (0.01 cm? s1) is the kinematic viscosity of the
electrolyte, and Coz (1.21 x 10°® mol cm3) is the Oz concentration in the electrolyte.

The rotating ring disk electrode (RRDE) measurement technique was used to test the productive
rate of HO; (%HO;") and determine the value of n in O,-saturated 0.1 M KOH. The rotating rate was
maintained at 1600 rpm at 10 mV s™1. The potential of the Pt ring was set at 1.5 V vs. RHE. The values
of %HO; and n were calculated as follows:

I_r
%HO; = 200 x — 3
0 2 X Irl ()
I+
N
I
n= 4X—d1, (4)
I+ 5

where I, is the ring current, I is the disk current, and N is the current collection efficiency of the Pt
ring, which was determined to be 0.424.

Methanol resistance was measured by current-time (i-t) chronoamperometry in O,-saturated 0.1
M KOH at a rotating speed of 1600 rpm at the potential of -0.3 V (vs. Ag/AgCl), where 2M CH30OH
was added into the electrolyte at approximately 180 s. The long-term stability was characterized by
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comparing the polarization curves before and after 10000 CV cycles and the i-t curve at the potential
of -0.3 V (vs. Ag/AgCl) at 1600 rpm.

3. Results and Discussion

The Fe304/NGA composite catalyst was synthesized following a simple hydrothermal method and
a subsequent annealing process, as illustrated in Figure 1. The detailed synthetic process is
described in the experimental section in supporting information. The XRD patterns presented in
Figure 2a and Figure 2b reveal the crystalline phases of the catalysts formed under conditions of
different ratios and temperatures. The peak at 26° corresponds to the (002) plane of graphite carbon.
As shown in Figure 2a, the intensity of the diffraction peaks corresponding to FesO4 (PDF #16-0629)
increases with an increase in the annealing temperature, indicating that 900°C is the suitable
annealing temperature to obtain the crystalline FesO4 phase. We also investigated the effect of the
amount of the complex [Fe(phen)s]?* on the final product, as shown in Figure 2b. Initially, it was
believed that 1:1 is the suitable mass ratio between the [Fe(phen)s]?* complex and GO. In addition,
the graphitization degrees of graphene were characterized by analyzing the Raman spectra, in which
the D-band at 1360 cm™ and G-band at 1590 cm™ represent the disordered carbon and graphitic
carbon, respectively. As shown in Figure 2c and Figure 2d, the catalysts prepared under the same
addition conditions of the [Fe(phen)s]** complex but at different annealing temperatures
(Fes04/NGA-1.0-700/800/900) exhibit a similar intensity ratio for the D and G-bands (/p//s). However,
the Ip/ls values of the samples prepared under the same pyrolyzing temperature (Fe30a/NGA-
0.5/1.0/1.5-900) increase significantly as the amount of the [Fe(phen)s]?* complex increases,
indicating that the content of the [Fe(phen)s;]** complex and not the annealing temperature
primarily influences the defective degree of graphene. This can indirectly explain the doping level
of graphene [25].

Freeze
drying

~
~

~

S &
o S0

Annealing

Fe,0,/NGA

Figure 1 Schematic illustration of the synthesis process of Fe304/NGA.
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Figure 2 X-ray diffraction (XRD) patterns recorded for Fe304/NGA under conditions of (a)
varying annealing temperatures and (b) varying [Fe(phen)s]?* contents. Raman spectra
of Fe304/NGA recorded under conditions of (c) varying annealing temperatures and (d)
varying [Fe(phen)s])%* conditions.

The morphology and structure of Fe304/NGA-1.0-900 are characterized using the SEM technique,
as shown in Figures 3a-c. As shown in Figure 3a and Figure 3b, the graphene units present an
interconnected network with a porous structure. The results of BET analysis are presented in Figure
S1, and the results reveal that Fes04/NGA-1.0-900 presents a type IV isotherm because of the
presence of a hysteresis loop at high partial pressures. This indicates the presence of a mesoporous
structure [26, 27]. The Barret-Joyner-Halenda (BJH) pore size distribution presented in Figure S1b
shows that a large proportion of the mesopores lies in the range of 10-50 nm for the Fe304/NGA-
1.0-900 sample. The SEM-EDS mapping images presented in Figure 3c demonstrate that the Fe, N,
C, and O elements are homogeneously distributed in the Fe304/NGA-1.0-900 catalyst. The
composition and crystalline structure are further illustrated using the TEM and HRTEM
characterization techniques, as shown in Figures 3d-g. Analysis of Figure 3d and Figure 3e reveals
that the Fe304 nanoparticles in size range of 10-60 nm are homogenously anchored to the graphene
network. The HRTEM images were analyzed, and the interplanar spacings of 0.242 and 0.290 nm
corresponded to the (222) and (220) lattice planes of the Fe304 phase (PDF #16-0629). This further
indicates the successful synthesis of the Fesz04 crystal.
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Figure 3 (a, b) Scanning electron microscopy (SEM), (c) energy-dispersive X-ray
spectroscopy (EDS) mapping, (d, e) transmission electron microscopy (TEM), and (f, g)
high-resolution TEM (HRTEM) images of Fe304/NGA-1.0-900.

The XPS technique was used to analyze the chemical composition of the Fe304/NGA-1.0-900
catalyst. Figure 4a shows the high-resolution XPS spectrum of C 1s, and the peaks at 284.8, 286.0,
287.3, and 288.8 eV correspond to the sp? carbon C =C, C-O, C-N, and O-C =0 groups, respectively
[24, 28]. The spectrum of N 1s in Figure 4b can be fitted into four peaks that correspond to the
pyridinic-N (398.5 eV), Fe-N (399.4 eV), pyrrolic-N (400.8 eV), and graphitic-N (401.8 eV) units. The
N species (N doped carbon), especially pyridinic-N and Fe-N, facilitate the process of ORR [29, 30].
In addition, the presence of Fe-N demonstrates the interaction between the Fes0s nanoparticles
and the N-doped graphene. In the spectrum of Fe 2p in Figure 4c, there are two characteristic peaks
at 711.45 and 724.8 eV corresponding to the Fe 2ps/2 and Fe 2p1/2 units of Fes0s, respectively [31,
32]. The absence of satellite peaks demonstrates that the Fe species is present as Fes0as in the
catalyst [14, 24, 32]. The O 1s spectrum (Figure 4d) can be divided into three peaks appearing at the
binding energies of 530.5 (Fe-0), 532.1 (O-C =0), and 533.56 eV (C-OH) [33]. The analysis of the XPS
profiles demonstrates the presence of Fe304 and the successful doping of N into graphene.
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Figure 4 High-resolution X-ray photoelectron spectroscopy (XPS) spectral profiles of (a)
C1s, (b) N 1s, (c) Fe 2p, and (d) O 1s in Fe304/NGA-1.0-900.

The electrochemical performance of the Fe304/NGA-1.0-900 system and other contrast catalysts
was performed using a three-electrode system. First, to evaluate the electrocatalytic activity of
Fe304/NGA-1.0-900 towards ORR, the cyclic voltammetry (CV) technique was used for analysis in N»
and Oj-saturated 0.1 M KOH electrolyte. As shown in Figure S2, a significantly intense reduction
peak is observed in the CV curve recorded for Fe304/NGA-1.0-900 in an Oz-saturated 0.1 M KOH
solution. Cathodic peaks did not appear in the curves recorded in Nj;-saturated 0.1 M KOH,
demonstrating that the Fes04/NGA-1.0-900 catalyst exhibits electrocatalytic activity for ORR. To
further investigate the electrocatalytic performance, the linear sweep voltammetry (LSV) method
was used in Oz-saturated 0.1 M KOH electrolyte at a rotating rate of 1600 rpm at 10 mV s%. As shown
in Figure 5a and Figure 5b, the LSV curves of the Fe304/NGA catalysts synthesized at varying ratios
and temperatures exhibit significantly different electrocatalytic activities. The Fe304/NGA-1.0-900
catalyst shows a half-wave potential (E1/2) of 0.81 V vs. RHE, and an onset potential (Eonser) of 1.02 V
vs. RHE at 0.1 mA cm™, which are closer to the values recorded for the Pt/C catalyst (Ez>=0.83 V vs.
RHE, Eonser = 1.00 V vs. RHE). As the annealing temperature increases, the half-wave potential
becomes more positive, indicating the enhanced catalytic activity for ORR. These results, combined
with the results obtained by analyzing the XRD patterns recorded for the Fe30s/NGA-1.0-
700/800/900 catalysts, reveal that the crystalline degree of the Fes0s nanoparticles is positively
related to the electrocatalytic activity of the composite catalyst Fe3s0s/NGA. In addition, the
difference in the electrocatalytic activities of the samples prepared under conditions of varying
contents of [Fe(phen)s]?* complex is more pronounced than that of the catalysts prepared under
conditions of varying pyrolysis temperatures. This indicates that the quantity of the FeszOa
nanocrystals has a significant influence on the electrocatalytic activity of the composite catalyst. In
addition, the electrochemical active surface area (ECSA) is also an important factor in evaluating the
performance of the electrocatalysts. As shown in Figures S3a-e, the ECSA of the catalysts was
assayed as the double-layer capacitance (Cq), which was calculated by analyzing the CV curves
recorded at different scan rates in the potential range in the absence of redox processes (1.065-
1.165 V vs. RHE). In Figure S3f, the Fe304/NGA-1.0-900 catalyst presents the maximum Cq of 21.48
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mF cm?, indicating the maximum ECSA among these catalysts. The Fe304/NGA-1.0-900 system
exhibits the best electrocatalytic activity for ORR among these catalysts, and this can be attributed
to the improvement in the ECSA values.

Fe,0,/NGA-1.0-700 ——Fe;0,/NGA-1.5-900
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Figure 5 Linear sweep voltammetry (LSV) curves recorded for Fe30s4/NGA under
conditions of (a) varying annealing temperatures and at (b) different addition amounts
of [Fe(phen)s]?* (rotating rate: 1600 rpm). (c) LSV curves recorded for Fes04/NGA-1.0-
900 at different rotating rates, and the corresponding K-L plots are presented in the
inset. (d) HOy yield and the electron transferred number for Fe304/NGA-1.0-900. The
experiments were conducted in Oz-saturated 0.1 M KOH electrolytes at the scan rate of
10 mV st

To understand the catalytic mechanism associated with ORR carried out with the Fe304/NGA-
1.0-900 composite catalyst, the RDE and RRDE methods were used, as shown in Figure 5c and Figure
5d. As one can see from the inset in Figure 5c, the corresponding K-L plots obtained at different
potential values show good parallelism and linearity with the calculated electron transferred
number of ~4.0 at 0.3, 0.4, 0.5, and 0.6 V vs. RHE, indicating that the ORR process proceeds in this
system following a four-electron transfer pathway. In addition, the results of RRDE measurements
in Figure 5d reveal that the yield of HO2 is less than 5%, and the electron transfer number is close
to 4. This indicates the high catalytic selectivity of Fe304/NGA-1.0-900. Besides the catalytic activity,
the long-time stability and methanol tolerance are also important characteristics of electrocatalysts.
As shown in Figure 6a, following the injection of methanol at 180 s, the current density
corresponding to the Fe304/NGA-1.0-900 catalyst remains almost unchanged, while that of the Pt/C
catalyst decreases significantly. This illustrates the excellent methanol resistance of Fe304/NGA-1.0-
900. The long-term stability was initially studied by comparing the initial LSV curve and the curve
recorded after 10000 CV cycles. As shown in Figure 6b, the variation in the LSV polarization curves
recorded for the Fes04/NGA-1.0-900 system is negligible, while the LSV curve recorded for the Pt/C
shifts negatively after 10000 CV cycles. In addition, the i-t chronoamperometry test was also carried
out at -0.3 V vs. Ag/AgCl for 20000 s to evaluate the stability of the electrocatalyst, as shown in
Figure 6¢c. Compared with the Pt/C catalyst, the Fe304/NGA-1.0-900 composite catalyst displays a
better long-time performance ability, with the current retention value being 89.13%. In brief, the
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Fe304/NGA-1.0-900 composite catalyst exhibits excellent stability in terms of long-time durability
and methanol tolerance.
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Figure 6 (a) Methanol tolerance, (b, c) long-time durability of Fes04/NGA-1.0-900. The
experiments were conducted in Oz-saturated 0.1 M KOH electrolyte at a rotating speed
of 1600 rpm at 10 mV s,

To verify the relationship between the composite catalyst and electrocatalytic performance, the
Fe304/NGA-1.0-900 system was etched in 1 M HCI for 12 h to remove the Fe304 species. As shown
in Figure S4a, the characteristic peaks of Fes04 disappear following acid etching. Compared with
Fe304/NGA-1.0-900, the catalytic performance deteriorates significantly post acid etching. This
verifies that the Fe3Os4 nanoparticles are the dominant active sites in the Fes0s/NGA-1.0-900
composite catalyst. The result is consistent with the results obtained by analyzing the XRD patterns
and electrochemical performance. The crystallinity of FesOas increases with an increase in the
annealing temperature (Figure 2a). Meanwhile, the electrocatalytic activity of the electrocatalyst
for ORR increases with an increase in the annealing temperature. This also indicates the dominance
of the Fe304 nanoparticles in the composite catalyst. In addition, as revealed by the LSV curves
presented in Figure S4b, the catalyst produced after acid etching retains part of catalytic activity.
The half-wave potential recorded under these conditions was 0.72 V vs. RHE, indicating that the N-
doped graphene unit also contributes to the catalytic activity of the composite catalyst. As shown
in the Raman spectral profile in Figure 2c, the degree of disorder of carbon increases as the
annealing temperature increases. This also contributes to the high electrocatalytic activity of
Fe304/NGA-1.0-900. In short, the electrocatalytic performance of the Fe304/NGA-1.0-900 composite
catalyst for ORR can be primarily attributed to the highly crystalline Fes04 nanoparticles.

4. Conclusions

A 3D Fe30s-decorated nitrogen-doped graphene aerogel (Fes0s/NGA) electrocatalyst was
successfully synthesized via the hydrothermal self-assembly of the Fe(ll)phenanthroline complex
([Fe(phen)s]?*) and GO. The process was followed by an annealing process in an atmosphere of Na.
The Fe304/NGA-1.0-900 catalyst with the suitable experimental variable exhibits excellent activity,
and the half-wave potential was recorded to be 0.81 V vs. RHE. Excellent long-term durability and
methanol tolerance were also recorded. The results demonstrate that the FesO4 nanoparticles and
N-doped graphene aerogel can be used to effectively improve the catalytic activity in the cases of
ORR. The increase in activity can be attributed to the dominant active sites of the Fes3O4
nanocrystalline systems. The results reveal that the Fes04/NGA composite catalyst is a promising
candidate that can be used for the fabrication of non-precious electrocatalysts for ORR.
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