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Abstract: Herein, a promising method to prepare efficient N-doped porous carbon-supported Fe,Os3
nanoparticles (Fe;O3 /N-PCs) ORR electrocatalysts is presented. The porous carbon was derived from
a biomass i.e., mulberry leaf through a cost-effective approach. The existence of diverse compounds
containing carbon, oxygen, nitrogen and sulfur in mulberry leaf benefit the formation and uniform
dispersion of Fe,O3 nanoparticles (NPs) in the porous carbon. In evaluating the effects of the
carbon support on the Fe,O3 NPs towards the ORR, we found that the sample of Fe;O3 /N-PCs-850
(Fe;03/N-PCs obtained at 850 °C) with high surface area of 313.8 m?-g~! exhibits remarkably
superior ORR activity than that of materials acquired under other temperatures. To be specific, the
onset potential and reduction peak potential of Fe,O3/N-PCs-850 towards ORR are 0.936 V and
0.776 V (vs. RHE), respectively. The calculated number of electron transfer n for the ORR is 3.9,
demonstrating a near four-electron-transfer process. Furthermore, it demonstrates excellent longtime
stability and resistance to methanol deactivation compared with Pt/C catalyst. This study provides a
novel design of highly active ORR electrocatalysts from low-cost abundant plant products.

Keywords: oxygen reduction reaction; mulberry leaf; Non-noble metal catalyst; mesoporous carbon
material; Fe, O3

1. Introduction

The fuel cell with its high-efficiency and low-pollution has been deemed as one of the future
power sources; catalysts for cathode reaction referred to as oxygen reduction reaction (ORR) are vital
for the scalable commercialization of fuel cell technologies [1-3]. Thus, the ORR as the cornerstone
reaction of fuel cells and has drawn an extensive attention, which raises growing interest to explore
efficient ORR electrocatalysts. In spite of great achievements made in noble-metal electrocatalysts,
the high cost, scarcity and instability impede its further application [4,5]. In this respect, enormous
viable noble-metal-free catalysts (Fe, Co, etc.) [6,7], or metal oxide [8], sulphide [9], nitride [10],
carbide [11], metal-free carbon based materials [12] and nitrogen-doped carbon [13] have been actively
pursued. Among above mentioned catalysts, the application of iron oxide as the electrocatalyst is
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rarely reported owing to its dissolution and agglomeration during the operation in fuel cells, which
leads to deteriorated electrocatalytic activity towards ORR [14].

To address the problem mentioned above, various catalyst supports with nanostructure have
been explored such as carbon materials (porous carbon, active carbon, carbon nanotubes, and
graphene) [15-19], carbide [20], mesoporous silica microsphere [21], and conducting substrates [22]
to increase the electroactive surface area of catalysts and further enhance their catalytic activity and
durability. Recently, Miillen et al. reported a highly efficient cathode catalysts i.e., Fe304/N-GAs, which
exhibits remarkable ORR activity [23]. Zhu's group designed a novel 3D heterostructured electrode
(SSC-Fe) decorated with amorphous iron oxide (Fe,O3/Fe30;), featuring comparable ORR activity to
that of a Pt-decorated one [24]. These studies preliminarily indicate that the involvement of Fe;O3 may
serve as an important factor that boosts ORR for these catalysts. Within the decoration of Fe,O3 into
the porous carbon, the carbon-based hybrid indicated a remarkably enhanced ORR property. However,
the ORR mechanism underpinning Fe,O3; has remained incompletely understood thus far due to
the complication of decoupling the effect of iron oxide, Fe3C, FexN, and Nx-C in carbon-supported
transition-metal nitrogen-doped composites. Furthermore, the electrochemical instability of Fe,O3
may result in the transformation to Fe;O4 during the synthesis process and severe dissolution in the
electrolyte. Fe elements also facilitate the transformation of inactive oxidized N species to the highly
active pyridinic-N, pyrrolic-N, and iron-nitrogen bond (Fe-Nx) clusters for Fe;O3 /N-PCs-850, thereby
improving the ORR electro-catalytic activity of the as prepared Fe,O3/N-PCs-850 catalyst [25].

In addition to activity of catalysts, setting up rich porosity of support is also imperative to achieve
efficient multidimensional mass and electron transfer pathways of three-phase interface where ORR
takes place [26-29]. A typical work was reported to synthesize a kind of carbon nitride electrocatalyst
with multiple pore type by incorporating FeClz, XC-72R nanoparticles and K4Fe(CN)g as iron, carbon
and nitrogen source, respectively [30]. Compared with the above approach, biomass such as pomelo
peels [11], egg [31], coir [32], and seaweed [33] has attracted increasing popularity into the fabrication
of porous carbon support material due to its distinctive good accessibility, environmental friendliness
and sustainability. Moreover, it has been proven that the carbon materials obtained from direct thermal
pyrolysis of biomass usually catalyse the ORR inefficiently through the two-electron transfer route to
form peroxide species, thus, its ongoing oxygen reduction (i.e., four-electron transfer process in ORR)
needs further catalysis by the introduction of metallic components [34].

Recently, carbon materials containing heteroatoms have emerged as excellent electrocatalysts
for ORR owing to it possessing abundant active sites uniformly distributed throughout the carbon
framework with the homogeneous existence of precursor elements in biomass [35-37]. Mulberry
leaves are rich in crude protein containing C, O, N, and S [38], which can easily form coordination
complexes that act as Fe-Nx active sites, thus making it an ideal source of heteroatoms dopant for the
carbon framework that act as catalytic sites with high performance after pyrolysis.

In this work, we propose a cost-effective approach to prepare N-doped porous carbon-supported
Fe,O3 nanoparticles (Fe;O3/N-PCs) derived from mulberry leaves as efficient ORR electrocatalysts.
The calcination of mulberry leaves and second calcination of carbon matrix after the incorporation
of iron can promote the graphitization degree of amorphous carbon to form Fe;O3. Also, during
the pyrolysis process, many micropores and microchannels were formed, which contributed to the
electron/mass transport and the absorption of oxygen during ORR. Importantly, the confinement
of metal oxide NPs within carbon-based substrates can enhance the accessible interface area and to
minimize the dissolution and agglomeration of NPs, thus contributing to the enhancement of the
electrochemical activity and stability of the Fe;O3/N-PCs hybrids. Moreover, the employment of
porous carbon support can realize the high specific surface area and multi-scale porous structure in as
prepared catalysts for more efficient mass transfer and dynamic reactions. The above unique properties
will considerably enhance the ORR performances in electrochemical systems. Therefore, it is expected
that our work may provide a rational design for the synthesis of heteroatom-doped porous carbon
supported metal oxide catalysts on a large scale.
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2. Results and Discussion

The Fe;O3/N-PCs composites were prepared by using a hydrothermal, heat treatment processes
together with a freeze-drying method (Scheme 1), in which organic-rich biomass, i.e., mulberry leaves,
serve as a carbon and nitrogen source; FeCl; acted as an iron source and contributed to the formation
of Fe;O3 during the calcination. The porous structures of Fe;O3/N-PCs and N-PC were collected by
SEM images. As shown in Figure 1A,B, the typical Fe;O3/N-PCs exhibits a mesoporous structure with
the pore sizes around 100 nm. The N-PCs exhibits an amorphous porous structure which is shown in
Figure 1C,D. According to the SEM images of Fe;O3/N-PCs and N-PCs, the formation of Fe,O3 with a
structure of mesoporous can be observed. The formation of mesopores in Fe;O3/N-PCs and N-PCs is
associated with the decomposition of diverse organic compounds that exist in mulberry leaves with
the release of pyrolysis gases. Also, we can speculate that such a porous structure can promote the
accumulation of abundant iron oxide during the heat treatment process so as to facilitate the mass
transfer and obtain more active sites. It was reported that the amorphous iron oxide can facilitate mass
transfer, which can reduce the area specific resistance of the 3D heterostructured cathode to 50% of
that of the unmodified one by 0.01 Q) cm? only [23]. Meanwhile, the C, N, Fe and O element ratios in
Fe;O3/N-PCs-800, Fe; O3 /N-PCs-850, and Fe,O3/N-PCs-900 from EDX analysis are listed in Table S1.

N, adsorption and desorption isotherm was performed to investigate the porosity of Fe;O3/
N-PCs (Figure 2A). The specific surface area of Fe;O3/N-PCs-800, 850, 900 were measured to be
188.6 m2-g~!,313.8 m?-g~ ! and 139.5 m?-g ! respectively, in which Fe;O3/N-PCs-850 has the highest
surface area. Moreover, Figure 2B reveals a typical type IV pattern with an H4 hysteresis loop,
demonstrating the existence of a developed mesoporous structure in Fe;O3 /N-PCs-850 with a narrower
pore size distribution of about 3.5 nm. Thus, Fe;O3/N-PCs-850 with the highest surface area may
contribute to the exposure of catalytic active sites and mass transport involved in ORR, which is
favorable for improved electrocatalytic performance.
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Scheme 1. The schematic illustration of the preparation process for Fe;O3/N-PCs-850 nanoporous
structures material.
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Figure 1. Scanning electron microscopy images of Fe,O3 /N-PCs-850 (A,B) and bare N-doped porous
carbon support alone without Fe;O3 (C,D).
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Figure 2. Nitrogen desorption-adsorption isotherm of Fe;Oz/N-PCs-800, Fe,Oz/N-PCs-850,
Fe,03/N-PCs-900.

It has been reported that mesoporous structures can improve the mass transport and diffusion of
oxygen molecules where the ORR process takes place owing to the presence of abundant active sites
for ORR in a kinetically controlled region [39—-41]. Therefore, it is speculated that Fe,O3/N-PCs-850
with highest surface area can contribute to the exposure of catalytic sites and enhance the ORR-related
electro/mass transfer favoring the improved electrocatalytic performance in the next investigation.

XRD patterns of the Fep;O3/N-PCs composites at different pyrolysis temperatures are illustrated
in Figure 3A. As shown, all pyrolized samples show (002) inter plane with diffraction peaks located at
around 26.381°, corresponding to the graphitic carbon phase (PDF#41-1487). From Figure 3A, it can
be deduced that diverse phases of Fe,O3 were produced at a certain temperature. Compared with
all phases of powder diffraction files (PDF) of Fe,O3 (Figure S1), three clearly observed diffraction
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peaks at 32.802°, 29.950°, 22.150° corresponding to the crystal plane (420) (411) (220), respectively,
match well with Fe;O3; (PDF#40-1139) in all Fe;O3/N-PCs composites, and diffraction peaks at
31.130°, 33.816°corresponding to the crystal plane (113) (116), respectively, match well with Fe,O3
(PDF#16-0653) demonstrating efficient assembly between the Fe,O3 NPs and the carbon support. Fe;O3
(PDF#40-1139) was defined as y-FepO3 and Fe; O3 (PDF#16-0653) was defined as ¢-Fe, O3, respectively.
Also, the proportions of different phases of Fe,O3 are not the same at different temperatures. With the
increase of temperature, the content of ¢-Fe;O3 also increased. It is believed the formation of Fe,O3
NPs originate from the combination of Fe>* and the oxygen principally created from the O-containing
functional groups at the surface of the N-doped carbon material during the pyrolysis process at
high temperature, which leads the doping-induced charge and/or spin redistribution in the carbon
framework, thus contributing to the enhanced activity of the as prepared catalyst.
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Figure 3. XRD pattern (A) and Raman spectra (B) of Fe,O3/N-PCs-800, Fe,O3/N-PCs-850 and
F6203 /N—PCS-900.

Raman analysis was performed to figure out the graphitization degree of the obtained carbon
materials. As can be seen in Figure 3B, the two typical peaks around 1360 and 1580 cm ! refer to the D
band and G band of Fe;O3 /N-PCs materials, respectively. It was reported that the peak from 1360 cm ™!
was attributed to sp3 carbon atoms at the defects and disorder in the carbon material [42]. The D band
is associated with the sp® carbons at defective sites. The G band corresponds to Raman scattering of
phonons in the vicinity of the Gamma point and is related to the Epg stretching vibration mode of sp?
carbon atoms. According to previous research, the relative intensity ratio of Ip/Ig is assigned to the
number of defect sites [43]. As Figure 3B shows, the D and G bands are existent in all of the prepared
catalysts, the Ip /Ig ratio was calculated to be 1.08 for Fe,O3 /N-PCs-800, 1.60 for Fe,O3/N-PCs-850, and
1.32 for Fe;O3/N-PCs-900. Such enormous defects are associated with the incorporation of heteroatoms
into the sp?-carbon structure, which are anticipated to result in the boosting of ORR activity [43,44].

XPS data indicates the surface properties of the Fe,O3/N-PCs electrocatalysts. The XPS spectrum
(Figure 4A) declares the existence of C, O, N, and Fe on the obtained catalysts. However, in all
these three catalysts, the Fe 2p peak has a weakest signal owing to its trace amount. Figure 4B
shows high-resolution C 1s spectra for Fe;O3/N-PCs-850. The overlapped high-resolution C 1s peak
decoposed into three components, corresponding to the C-C (284.4 eV), C-O and C=N (285.9 eV), and
C-O-C and C-N (288.5 eV) [41]. Figure 4C shows that the Fe 2p spectrum could be deconvoluted
into two peaks at around 711.4 and 724.8 eV, which could be ascribed to the binding energies of the
2p3/2 and 2py /> bands of Fe®* associated with the Fe-Nx moieties, respectively [29,45]. The other two
samples’ high-resolution Fe 2p XPS spectrum was ploted in Figure S2. These results together with the
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electron microscopy analysis validated the formation of Fe;O3 nanoparticles anchored on N-doped
carbon nanostructures.
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Figure 4. (A) XPS survey spectra of Fe;O3/N-PCs-850; High-resolution C 1s (B) and Fe 2p (C) XPS
spectrum of Fe,O3 /N-PCs-850; High-resolution N 1s XPS spectrum of Fe,O3 /N-PCs-800 (D), Fe; O3/
N-PCs-850 (E) and Fe; O3 /N-PCs-900 (F).

Recently, it has been reported that ORR activity has close connection to N content; thus, nitrogen
species in Fe,O3/N-PCs were carefully analyzed [46]. The N1s XPS spectra of all samples were
deconvoluted into six peaks (Figure 4D-F), namely pyridinic N (397.9 &= 0.2 eV), Fe-Nx (399.0 &+ 0.1 eV),
pyrrolic N (400.4 £ 0.1 eV), graphitic N (401.8 = 0.3 eV), quaternary N (402.6 = 0.2 eV), and oxidized
pyridinic N (403.3 £ 0.2 eV) [47,48]. The percentage of each N bonding of three samples was also
described in Figure 5. The atom contents of the Fe coordinated nitrogen of Fe,O3/N-PCs-850 is
74.61% (calculated from the peak area of the iron-associated pyridinic N), which is higher than
Fe;O3/N-PCs-800 and Fe;O3/N-PCs-900. The pyrrolic N peaks were smaller at Fe,O3 /N-PCs-850 but
got bigger again at higher temperature treatment (Fe;O3/N-PCs-900). It was suspected that Fe-Nx
may decompose to from pyrrolic N at higher temperatures. Additionally, characterization of XPS of
bare N-PCs without Fe was also performed (Figure S3), indicating there was no Fe-Nx moieties and
Fe content in the sample. These results correlate to Fe;O3/N-PCs-850 having the best ORR activity,
since it may induce the affluent formation of Fe,O3 and Fe-Nx, which can serve as electrocatalytic
active sites for ORR. As reported in previous studies, pyridinic-N can be coordinated with transition
metal elements, enabling the formation of Fe-Nx moieties onto the Fe,O3/N-PCs-850, which should
act as active sites for the ORR [49]. In combination with the XRD results and N 1s XPS spectra
discussed above, it can be concluded that Fe may bind to pyridinic N to form Fe-Nx species and the
optimum temperature for the formation of this structure is 850 °C. The abundant porous structures,
vast nitrogen atoms, and large amounts of Fe-Nx existing in the Fe;O3/N-PCs-850 sample play the
most important roles in promoting its ORR activity, ensuring that the Fe,O3 /N-PCs-850 sample has
promising ORR catalytic activity [25]. Meanwhile, some literature studies proved that pyridinic-N
and pyrrolic-N also make a contribution to the ORR electro-catalytic activity [49]. Quaternary N in
the pyrolyzed composites are conducive to catalyze the ORR and can serve as catalytically active
sites for oxygen reduction [47]. The lone-pair electrons of pyridinic N and pyrrolic N can act as metal
coordination sites; the sum of quantities of the three kinds of active nitrogens are in high proportion
in FepO3/N-PCs-850 suggesting its high performance towards ORR [50]. Oxidized pyridinic Ns
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do not significantly contribute to the ORR performance and are unstable under fuel cell operating
conditions [51].
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Figure 5. The percentage of six nitrogen species in Fe;O3/N-PCs at different temperature.

To investigate the ORR activities of Fe;O3/N-PCs-800, Fe;O3/N-PCs-850, and Fe; O3 /N-PCs-900
for ORR, CV measurements were performed in Nj or Op-saturated 0.1 M KOH. As displayed in Figure 6,
a well-defined ORR reduction peak emerged at 0.776 V and the onset potential of the catalyst for ORR
is 0.936 V in the CV measurements, which is comparable to the value of 0.946 V vs. RHE of the Pt/C
ref. [10], demonstrating the predominant ORR electrocatalytic activity of Fe;O3/N-PCs-850. Moreover,
Fe;O3/N-PCs-800 and Fe,O3/N-PCs-900 catalyst show that the ORR peak potential occurs at 0.756 V
and 0.696 V and the onset potentials for ORR are 0.916 V and 0.85 V, respectively. These results
validated the superior electrocatalytic activity of Fe;O3/N-PCs-850. On the other hand, the ORR
activity of FeoO3/N-PCs-850 is much better than that of N-PCs-850 (Figure S4) with the reduction peak
potential of about 110 mV positive than the N-PCs-850 catalyst, the improved intrinsic ORR activity
of the FepO3/N-PCs-850 catalyst can be assigned to a large amount of Fe-Nx active sites between the
Fe,O3 nanoparticles and the N-doping in the mesoporous carbon structure. Importantly, a moderate
pyrolysis temperature was quite significant to prepare superior ORR catalytic performance, which
may be ascribed to such temperatures and is beneficial to form more catalytic active sites. The surface
area/pore volume ratio and graphitization degree also are key factors that affect the exposure of
catalytic active sites and mass transport rate. However, a much higher pyrolysis temperature (e.g.,
1000 °C) will lead to the increase of the quantity of disordered carbon in the graphite carbon, which
would lower the electron transfer rate and thus results in inferior ORR performance [29].

To understand the detailed mechanism of the ORR on such catalysts is quite important. ORR
through the adsorbed HO, ™ intermediate will be analyzed by the RRDE and RDE voltammograms.
The RRDE measurement was applied to quantitatively determine the HO, ™ generation rate; the
percentage of HO, ™ were obtained by the followed equations:

HO»% =200 (I;/N)/(Iq + 1. /N)

where I3 and I; corresponds the disk current and ring current, respectively. N refers as the current
collection efficiency of the Pt ring, which was calculated to be 0.4 [52]. From Figure 6B, the HO,% yield
value for the Fe;O3/N-PCs-850 during the ORR process is 5% at the potentials of 0.166 V.
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Figure 6. Cyclic voltammograms of Fe;O3 /N-PCs-800, Fe,O3 /N-PCs-850 and Fe; O3 /N-PCs-900 (A)
modified GC electrodes in O,- and in Ny-saturated 0.1 M KOH at a scan rate of 10 mV-s~1. LSV curves
of Fe,O3/N-PCs-800 (B), Fe, O3 /N-PCs-850 (C) and Fe;O3/N-PCs-900 (D) on RRDE at a scan rate of

5 mV-s~! with various rotation rates.

To deeply understand the route and kinetic process of the ORR, LSV measurement of the
FeyO3/N-PCs-850 catalyst were conducted by RRDE technique with rotation speed ranging from
400-2025 rpm in O,-saturated 0.1 M KOH (Figure 6C). These curves (Figure 6B-D) demonstrate an
increasing current density with the ascending rotation rates owing to the accelerated diffusion of
electrolyte. The LSV curve of Fe;O3/N-PCs-800, Fe,O3 /N-PCs-850 and Fe;O3 /N-PCs-900 in 1600 rpm
derived from the RRDE measurements were compared in Figure S5A, and LSV curves of 20% Pt/C and
Fe;O3/N-PCs-850 were also compared in Figure S5B. As expected, the K-L plots for Fe;O3 /N-PCs-850
showed good linear functions between j‘1 and w1/2 (Figure 7B). The electron transfer number (n) for
ORR can be obtained from the Koutecky-Levich equation:

1/T=1/Tc +1/JL =1/Jx + 1/(Bw~'/?)

B =0.2nFv °Dy,%3Cpp

where J is the kinetic current density of the ORR, w is rotation speed, n is the electron transfer number
per oxygen molecule, F is the Faraday constant (96485 C-mol '), v is the kinematic viscosity of KOH
(0.01 cm?-s71), Do, corresponds to the diffusion coefficient of O, (1.9 x 10~° cm?-s~!) and Cpy, is the
concentration of O, in the solution (1.13 x 107® mol-cm~3).

It has been widely acknowledged that the direct four electrons are more favorable for the
ORR process, thus, the transferred electron numbers (n) were calculated in Figure 7 by the RDE
measurements. The Fe;O3/N-PCs-850 has the transferred electron numbers (n) of 3.9, involving a
four-electron ORR process, while the transferred electron numbers for Fe;O3 /N-PCs-800 and Fe,O3/
N-PCs-900 were only 3.6 and 3.5, respectively. The high selectivity for the four-electron transfer
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pathway of Fe;O3/N-PCs-850 can be associated with the Fe-Nx active sites created by doped N and
Fe,O3 nanoparticles. In addition, compared with the reported electrocatalysts derived from biomass
materials, as shown in Table 1, the onset potential together with electron transfer number of the optimal
Fe;O3/N-PCs-850 catalyst are comparable to other excellent catalysts. Based on the above results, we
believe that the superior ORR activity of Fe;O3/N-PCs-850 could be assigned to synergetic effects of
the enriched graphitic N-doped carbons and Fe;O3 nanoparticles together with the high surface area
of Fe; O3 /N-PCs-850.
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Figure 7. The data derived from the RDE measurements. (A) The LSV curves of ORR for Fe,O3/N-PCs-
850/GC at different rotation speeds; (B) K-L plots at different potentials of Fe;O3/N-PCs-850 in 0.1 M
KOH at a scan rate of 5 mV-s~1; (C) HO,~ yields and the electron transfer number during the ORR
process of Fe,O3/N-PCs-850/GC; (D) The transferred electron numbers of the designed catalysts
calculated from RDE.

Table 1. ORR catalytic performances comparison of electrocatalysts derived from biomass materials.

Onset Electron Transfer

Catalyst Potential (V) Number (n) Electrolyte Type of Biomass Reference
e ragse 0.92 4.00 0.1IM KOH Shrimp Shells [29]
Egg-CMS 0.84 3.11 0.1M KOH Eggs [31]
HDPC-800 0.95 3.99 0.1M KOH Tea Leaves [46]
N-P-Fe-C 0.957 3.99 0.1M KOH Corn Silk [53]
LY-1000 0.913 3.78 0.1IM KOH Ginkgo Leaves [54]
Fe/N/CNT@PCF 0.862 3.90 0.1M KOH Catkins [25]
HAZ-800 0.87 3.60 0.1M KOH Bamboo Fungus [55]
N-C@CNT-900 0.94 3.90 0.1M KOH Enoki Mushroom [56]

Fep,O3/N-PCs-850 0.93 3.90 0.1IM KOH Mulberry leaves This work
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To examine the possible crossover effects, the electrocatalytic durance of Fe;O3 /N-PCs-850 and
20% Pt/C against the poisoning of methanol were measured by injecting 3 mL methanol at 350 s
in an O,-saturated alkaline solution. Figure 8A shows that the ORR current density of commercial
Pt/C catalyst had a sudden change upon the introduction of methanol owing to the electrochemical
oxidization of methanol. However, the Fe,O3/N-PCs-850 retained more than 75% of its initial current
density under the same condition, revealing its superior selectivity over 20% Pt/C catalyst, which
remained about 40%. This may be explained by the excellent stability of the synergetic effect of N and
Fe as the active sites for oxygen reduction reaction among the carbon framework. The stability of the
prepared Fe;O3/N-PCs-850 was also examined by current-time chronoamperometric measurement at
—0.2 V for 3000 s in 0.1 M KOH solution with O,-saturated. After testing for 3000 s, slight performance
attenuation (23.2%) was observed for Fe,O3 /N-PCs-850 in Figure 8B, whereas performance degradation
of 20% Pt/C catalyst degraded significantly with an obvious current loss of 67.2%. These results again
demonstrate the advantage of the Fe;O3/N-PCs-850 over 20% Pt/C catalyst.

Thus, from the above experimental data and analysis results, the following factors can explain
the reason that our Fe;O3/N-PCs-850 catalyst presents the best ORR catalytic activity. On the one
hand, pyrolyzed biomass mulberry leaf with excellent porous structures has a large surface area that
could carry more exposed active sites. On the other hand, the maximum Fe-Nx clusters, pyridinic-N,
and pyrrolic-N dispersed on the Fe/N/CNT@PCEF act as catalytic active sites for catalyzing the ORR.
Consequently, the Fe;O3 /N-PCs-850 catalyst displays the best ORR catalytic activity compared to the
commercial Pt/C with superior methanol tolerance ability and durability.

100
100 A — P_h’C _ B —Pt/C
— Fe,0,/N-PCs-850 — Fe,0,/N-PCs-850

§

=

= S0f

11\1 ethanol
0 1000 2000 3000 0 1000 2000 3000

t/s t/s

Figure 8. (A) I-t responses at the Pt/C (20%) and Fe,O3/N-PCs-850 at —0.2 V in O;-saturated 0.1 M
KOH. The arrow refers to the introduction of 3.0 M methanol; (B) I-t responses of Fe,O3 /N-PCs-850
and 20% Pt/C at —0.3 V in the O,-saturated 0.1 M KOH.

3. Experimental

3.1. Chemicals

FeCls, KOH, 5 wt % Nafion perfuorinated resin solution and 20 wt % commercial Pt/C were
obtained from Sigma-Aldrich (St. Louis, MO, USA). A Milli-Q plus water purification system (18 M(),
Milli-pore Co., Ltd., Billerica, MA, USA) was used to obtain ultra-pure water and used in all parts that
related to aqueous environments.

3.2. Apparatus

SEM images were collected on a Hitachi S-2600 N scanning electron microscope (Tokyo, Japan).
EDX data were obtained through Flash EA 1112 (Waltham, MA, USA). XPS spectra were recorded on a
VG Micro-tech ESCA 2000 equipment (Nanjing, Jiangsu, China). RRDE electrodes (RRDE-3A, BAS,
(Tokyo, Japan) with a Pt ring and glass carbon electrode were used. The collection efficiency of the
RRDE was calculated to be 0.4 using the Fe(CN)g3 /4~ redox couple. Electrochemical measurements
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were conducted in CHI600E electrochemical workstation with glassy carbon electrode (3 mm in
diameter), a platinum wire and a Ag/AgCl (with KCl saturated) electrode forming the three-electrode
cell system

3.3. Preparation of Fe;O3/N-PCs Catalysts

First, 10.0 g clean mulberry leaves was dried in the air and smashed into powder. Subsequently,
the mulberry powder was transferred into a 100 mL autoclave with 60 mL distilled water added.
Then, putting the autoclave into an oven, heated at the temperature of 180 for 10 h and the brown
carbonaceous product was obtained after freeze drying for 12 h. The obtained product was put into a
quartz tube reactor and transferred into a tube furnace and pyrolyzed in N; atmosphere at 850 °C for
two hours at 4 °C min~! heating rate. Then, the N-doped carbon material was prepared. After that,
150.0 mg of the above N-doped carbon material was dispersed into 10 mL distilled water, adding
3.0 mg of FeCl3 into the above mixture solution and stirred with magnet. The dried mixture was
obtained through a freeze drying method for 12 h. The final dried mixture annealed in a flow of N
atmosphere at 850 C for 2 h with the heating rate of 4 °C -min ! to obtain the typical Fe;O3 /N-PCs-850.
For comparison, we also prepared Fe,O3 /N-PCs catalysts at 800 and 900 °C which were denoted as
Fe;O3/N-PCs-800 and Fe; O3 /N-PCs-900, respectively. The contrast materials without Fe prepared
under temperatures of 800, 850, 900 were also synthesized by the same steps as Fe;O3/N-PCs just
escaping the addition of FeClz aqueous solution, which were defined as N-PCs-800, N-PCs-850,
N-PCs-900, respectively.

3.4. Electrochemical Measurements

The RRDE electrode with a rotating glassy carbon (GC) disk electrode (4 mm diameter) and
a platinum ring electrode (ALS RRDE-2, Tokyo, Japan), and a GC electrode were used as working
electrode in this study. The preparation of working electrode was as follows: the glassy carbon (GC)
working electrode was treated with 1.0 and 0.05 um alumina slurry prior to each use, then sonicating it
with deionized water and ethanol; 6 mg Fe,O3/N-PCs catalyst was ultrasonically dispersed in ethanol
(1 mL) to obtain 6 mg-mL~! catalytic ink. After that, 5 uL of the dispersion was dropped onto a GC
electrode using a micropipett, covering 2.5 puL nafion solution (0.05 wt % in ethanol) subsequently.
Linear sweep voltammetry (LSV) was recorded from 0.2 to —1.0 V, the Fe,O3/N-PCs catalyst modified
GC was scanned at a scan rate of 10 mV-s~! to evaluate the ORR activity of catalysts in 0.1 M KOH with
O;-saturated. To acquire quantitative data of the ORR activity, LSV experiment was applied on the
catalyst-coated RRDE at a scan rate of 5 mV-s~! KOH solution with O,-saturated at different rotation
rates ranging from 400 to 2025 r-min~!. In analyzing ORR performance, the working potentials versus
Ag/AgCl were converted to a reversible hydrogen electrode (RHE).

4. Conclusions

Fe;O3/N-PCs electrocatalyst leaves were prepared using a cost-effective, easy process from the
highly accessible plant biomass mulberry. The catalyst exhibited highly remarkable ORR activity,
excellent stability and tolerance to methanol deactivation effects compared with commercial 20%
Pt/C catalyst. The superior activities were ascribed to a large amount of Fe-Nx active sites between
the Fe,O3 nanoparticles decoration and the N doping in the carbon nanostructure, as well as the
mesoporous structure with large surface area creating more catalytic active sites. This work provided
a rational design for large-scale production of highly effective electrocatalysts in a cost-effective way
from the abundant recyclable mulberry leaves without using any activation and templating agents.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/8/3/101/s1,
Figure S1: All the Powder Diffraction Files (PDF) of Fe,O3 from Joint Committee on Powder Diffraction Standards,
PDF#16-0653 (A) PDF#21-0920, (B) PDF#40-1139 (C) PDF#33-0664 (D) PDF#39-0238 (E), PDF#47-1409 (F), Figure S2:
The high-resolution Fe 2p XPS spectra of Fe;O3/N-PCs-800(A) and Fe,O3/N-PCs-900(B), Figure S3: (A) N1s XPS
spectra for the N-PCs-850 without Fe, (B) The percentage of five kinds of N species in N-PCs-850 without Fe. Figure
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S4: (A) Cyclic voltammograms of Fe;O3/N-PCs samples modified GC electrodes in an O;-saturated 0.1 M KOH

at a scan rate of 10 mV s~1 and LSVs of N-PCs-800 (B), N-PCs-850 (C), N-PCs-900 (D) on RRDE in 0.1 M KOH
with various rotation rates at a scan rate of 5mV s 1, Figure S5: (A) The LSV curves of the three kinds of designed
catalysts at 1600 rpm derived from the RRDE measurements. (B) Both 20% Pt/C and Fe,O3/N-PCs-850 LSV curves
derived from the RDE measurements at 1600 rpm, Table S1: C, N, Fe and O element ratios in Fe,O3 /N-PCs-800,
Fe;O3/N-PCs-850, and Fe;O3/N-PCs-900 from EDX analysis.
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