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Synergistic melamine intercalation and Zn(NOs),
activation of N-doped porous carbon supported
Fe/FesO,4 for efficient electrocatalytic oxygen
reductionf
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Developing inexpensive, efficient and good stability transition metal-based oxygen reduction reaction
(ORR) electrocatalysts is a research topic of great concern in the commercial application of fuel cells.
Herein, with zinc nitrate as activator, iron nitrate as active component and melamine as intercalating
agent and nitrogen source, an N-doped porous carbon supported Fe/FesO4 (Fe/FezsO4@NC) catalyst is
successfully synthesized by an
technique. The positive onset potential (Eqnset), half-wave potential (E15) and limiting current density (J))
of the optimal Fe/Fes04@NC catalyst are 1.012, 0.90 V vs. RHE and 5.87 mA cm™?, respectively.
Furthermore, Fe/Fez0,@NC catalyzes ORR mainly through a 4e™ pathway, and the yield of H,O, is less

impregnation—calcination method combined with freeze-drying

than 5%. It also manifests a robust stability after 5000 CV cycles of ADT testing, and the half-wave
potential is only negatively shifted 17 mV. The structural characterization and experimental results further
suggest that the outstanding ORR electrocatalytic performance of the Fe/FesO0,4@NC catalyst benefits
from the synergetic effect of zinc nitrate activation and nitrogen doping, which can greatly improve the
specific surface area, thus better dispersing more metal active sites. This work puts forward a simple and

rsc.li/rsc-advances

1. Introduction

Extensive use of fossil fuels has caused severe energy and
environmental problems, thus the exploration of alternative
renewable energy or energy conversion and storage technology
has aroused widespread concern. Among them, fuel cells
have attracted great research interest due to their high energy
density and green economy. Nevertheless, as the cathode reac-
tion of fuel cells and metal-air batteries, the oxygen reduction
reaction (ORR) also displays some problems, such as inherent
sluggish kinetics and high overpotential, which greatly reduces
its working efficiency.** Up to now, Pt-based catalysts have been
recognized as the best ORR electrocatalysts, whereas the large-
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practicable way for preparing high-performance non-noble metal-based biomass ORR electrocatalysts.

scale application in fuel cells is still limited by the scarce
resources, high cost and poor stability, etc.*” To overcome these
issues, great efforts have been made to explore the non-noble
metal catalysts with inexpensive, earth-abundant and good
electrochemical activity. In recent years, researchers have
turned their research direction to the transition metals (such as
Fe, Co, Ni, Mn, etc.)-based ORR electrocatalysts. Meanwhile,
they found that heteroatoms (such as N, B, P, S, etc.)-doping into
carbon materials can significantly change the carbon compo-
sition and electron distribution due to the different electro-
negativity of heteroatoms.®*** The rational design of
heteroatom-doped carbon can effectively improve O, adsorp-
tion, weaken O-O bond and greatly enhance the electrocatalytic
performance of ORR, which has gradually become an attractive
topic in fuel cell research.’ In particular, recently reported iron
and nitrogen doped carbon (Fe/N/C) and N-doped carbon sup-
ported transition metal oxides have been universally used in
high-performance ORR catalysts.'***

Among various carbon-based materials, it is crucial to
choose suitable conductive carbon materials (such as graphene,
CNTs and MOFs) as supports to improve ORR activity. Never-
theless, their large-scale commercial application is hindered by
the high price and complicated processes.'*® Recently,
biomass materials have emerged as a rising alternative carbon
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material due to its advantages of low cost, sustainability and
structural diversity.**** Accordingly, in order to obtain the equal
or superior electrocatalytic ORR performance to commercial Pt/
C catalyst, it is feasible to introduce transition metals (such as
Fe) into the N-doped biomass materials to form more active
sites by modifying the electronic structures of carbon matrix.
Zhang and co-workers prepared Fe, N co-doped graphite carbon
high-efficiency ORR electrocatalyst with carbon nanodots
derived from shrimp shells as precursors, which shows better
ORR performance than Pt/C.>* Due to the dense and thick
carbon matrix in some biomass carbon materials, metal nano-
particles tend to agglomerate during high-temperature pyrol-
ysis, so the preparation of carbon materials with high specific
surface area and proper pore structure is vitally important for
the effective anchoring and dispersion of active components on
Fe/N/C catalysts. Activation method is one of the universal
methods to synthesize porous carbon materials. KOH, ZnCl,
and H;PO, are considered as universal chemical activators at
present.>*** Generally, the evaporation of Zn at high tempera-
ture promotes the carbonization of carbon materials and
increases the degree of defects, which will expand the specific
surface area and promote the mass transfer on the electrode/
electrolyte interfaces.”””® As a typical example, Li et al
prepared ZnCl,-Fe/C/N@bio-C and Zn(NOj;),~-Fe/C/N@bio-C
electrocatalysts, in which ZnCl, and Zn(NOs3), are used as acti-
vating agents to make the Fe-based active species disperse well
onto the biomass template.> The results reveal that both zinc
salts is significant for the formation of special pore structure
and carbon defects, but Zn(NO3), has a better advantage in
improving the activity toward ORR. The excellent ORR perfor-
mance of these N-doped iron species biomass composite
materials not only benefits from their special structural char-
acteristics, but also the exposure of catalytic active sites and the
improvement of mass transfer efficiency.

Additionally, melamine is currently taken as a nitrogen
source for preparing N-doped carbon materials because of its
high nitrogen content and easy availability.** It is found that the
graphitization degree, porosity and conductivity of Fe/N/C
catalysts are effectively improved by introducing melamine in
the preparation process.**** Besides, it can be seen that using
melamine as ligand to prepare catalysts can significantly
enhance the ORR catalytic performance.** Most of these cata-
lysts pyrolyze at high temperature, various active substances are
produced besides the Fe-N, coordination active site, such as
metallic Fe/Fe;C nanoparticles, Fe,O, or FeN, nanoparticles
and so on.***® The incorporation of melamine into carbon
carriers possesses a unique potential in regulating the active
sites of ORR electrocatalyst. The prepared porous carbon
support can not only better disperse the metal active sites, but
also averts the aggregation of nanoparticles during pyrolysis. It
is believed that the synergistic effect of N-doped carbon and
iron species active sites is helpful to optimize the ORR perfor-
mance.*”*® Therefore, the transition metal based nanoparticles
supported by carbon materials are more maneuverable in both
the preparation process and the composition and structure
regulation.
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Herein, we design and develop a facile preparation of N-
doped porous carbon supported Fe/Fe;O, composites (Fe/
Fe;0,@NC) by melamine intercalation with zinc nitrate as
activator. The impregnation-calcination method combined
with freeze-drying technique can effectively fix active substances
and reasonably introduce nitrogen into carbon materials. As
electrochemical tests demonstrated, Fe/Fe;O,@NC electro-
catalyst exhibits high activity toward ORR with positive onset
potential, half-wave potential and limiting current density of
1.012, 0.90 V vs. RHE and 5.87 mA cm ™2, respectively. Moreover,
Fe/Fe;0,@NC has only a slight negative shift by 17 mV after
5000 CV cycles in the half-wave potential. It shows that the
synergistic effect of zinc nitrate activator, Fe/Fe;O, nano-
particles and nitrogen doping is considered as the main factor
to promote the electrocatalytic activity, thus showing superior
ORR activity and good durability compared with Pt/C. The
general strategy is more flexible and scalable for the preparation
of other transition metal-based biomass materials because of its
low manufacturing cost and easy to operate, which could be
suitable for the further large-scale production.

2. Experimental section

2.1. Chemicals and materials

a-Cellulose powder (25 pm, Maklin), Fe(NO;);-9H,0 (AR,
Sinopharm Chemical Reagent Co), Zn(NO;),-6H,0 (AR, Sino-
pharm Chemical Reagent Co), Melamine (99%, Aladdin), Pt/C
(20 wt%, Shanghai Chuxi industrial Co), Al,O; (Gaoss Union),
N,N-dimethylformamide (DMF) (99.5%, Aladdin), KOH
(99.99%, Aladdin), H,SO, (SCR, 95-98%). All reagents were used
without any purification.

2.2. Synthesis of catalysts

2.2.1. Fe/Fe;0,@NC. 0.2 g a-Cellulose powder was placed
in 25 mL DI water, sonicated for 30 min. Subsequently,
0.225 mol Fe(NO3);-9H,0 and 1.125 mol Zn(NO3),-6H,0 were
successively added, stirred for 1 h to obtain uniformly mixed
precursor solution. Standing still a whole night at normal
atmospheric temperature (between 15 and 25 °C), then freeze-
drying at —70 °C for 12 h to remove internal moisture. The
precursor powder and melamine in a mass ratio of 1 : 10 were
mixed fully and evenly ground in mortar. Then product was
annealed at 550 °C for 1 h, 1000 °C for 1 h with a heating rate of
5°C min~! in argon atmosphere at 80 Sccm. The as-prepared
black powder was named Fe/Fe;O0,@NC.

In addition, other factors such as the amount of metal,
pyrolysis temperature and the amount of nitrogen doping will
affect the ORR performance. Thus, the performances of ORR
were optimized with different metal iron contents with the
contents of 0.15, 0.20, 0.225, 0.25 and 0.30 mmol, respectively.
As shown in Fig. S6a,f linear sweep voltammetry (LSV)
measurements showed that the optimal iron content was
0.225 mmol. The pyrolysis temperature in Ar atmosphere was
from 850, 900, 950 to 1000 °C. As shown in Fig. Sé6b,} LSV
measurements showed that the best pyrolysis temperature was
1000 °C. The performances of ORR were further optimized

© 2022 The Author(s). Published by the Royal Society of Chemistry
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when the mass ratio of the precursor powder to melamine was
1:1,1:5,1:10, 1:15 and 1 : 20, respectively. As shown in
Fig. S6c,T LSV measurements showed that the best mass ratio
was 1 : 10.

2.2.2. Fe/Fe;0,@NC (Zn-free). For control experiments,
other samples were synthesized by the same steps. The sample
synthesized without the addition of the zinc nitrate in the
precursor solution was named Fe/Fe;0,@NC (Zn-free).

2.2.3. NC (Fe-free). The sample synthesized without the
addition of the iron nitrate in the precursor solution was named
NC (Fe-free).

2.2.4. Fe/Fe;0,@C (N-free). The sample synthesized
without melamine during pyrolysis process was named Fe/
Fe;0,@C (N-free).

2.2.5. Fez0,@NC. The Fe/Fe;0,@NC catalyst was refluxed
in 2 mol L™! H,SO, solution at 80 °C for one day, washed to
neutrality with DI water, the dried sample named Fe;0,@NC.

2.3. Physical characterization

The microstructures, morphology and element composition of
the samples were characterized by the scanning electron
microscope (SEM, Hitachi, S-8100), transmission electron
microscopy (TEM, Hitachi, HT-7700) and high resolution
transmission electron microscopy (HRTEM, FEI, Tecnai G220).
The selected area electron diffraction (SAED) pattern was
acquired on JEM-2010 TEM at 200 kV. X-ray powder diffraction
(XRD, Bruker AXS, D8 Advance, Cu Ka). N, adsorption-
desorption isotherm was measured on Micromeritics ASAP 2020
analyzer at 77 K, in which the Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) calculated the specific
surface area and pore size distributions of the catalysts. X-ray
photoelectron spectroscopy (XPS) was analyzed on Thermo
Fiaher Scientific K-Alpha. Raman spectroscopy (RM-inVia) was
tested the defects and graphitization degree of the carbon
materials with laser excitation wavelength of 532 nm.

2.4. Electrochemical measurements

The electrochemical performance was measured on CHI760E
with a three-electrode system. The glassy carbon (GC) disk
electrode (d = 5 mm), Ag/AgCl (saturated KCl solution) and
graphite rod were served as working, reference and counter
electrode, respectively. 0.1 M KOH solution is the electrolyte
solution. Besides, GC electrode was polished by Al,O;. For the
convenience of comparison with other literature results, all
potentials were diverted to reversible hydrogen electrode (RHE)
formula: E (vs. RHE) = E (vs. Ag/AgCl) + 0.059 x pH + 0.197
(0.1 M KOH, pH = 14). The catalyst ink was prepared as follows:
2 mg catalyst or Pt/C and 1 mg carbon (Vulcan XC-72) were
ultrasonically dispersed in DI water (660 uL), DMF (330 pL) and
5% Nafion (10 pL) for 30 minutes, 20 pL ink was dropped onto
the GC electrode. The cyclic voltammetry (CV) curves were ob-
tained with a scan rate of 20 mV s™' in Ar- or O,-saturated
electrolyte solution, while the Liner sweep voltammetry (LSV)
was tested with 1600 rpm at 10 mV s~ '. The LSV background
current value under Ar saturation condition was deducted.
Accelerated durability test (ADT) for stability was performed by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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5000 CV cycles from 0.4 to 1.1 V vs. RHE. When rotating ring
disk electrode (RRDE) was regard as working electrode, the
number of electrons transfer (n) and hydrogen peroxide yield
(H,0,%) of the catalysts were based on the equation:

1
n=4x d

I,
LY
N

=2~

H,0,(%) = 200 x - —
Y
e

where, I, and I are the ring current and disk current, respec-
tively. n is the electron transfer number. N is the collection
efficiency (N = 0.37).

Koutecky-Levich (K-L) equation was used to calculate the
kinetic current of ORR:

1 1 1 1 1

=—+—=—+
N P

where, J, Jx and J; are the measured current, kinetic current and
diffusion limiting current densities.

3. Results and discussion

3.1. Physicochemical analysis

The preparation process of Fe/Fe;0,@NC electrocatalyst was
depicted in Scheme 1. Firstly, in order to better adsorb the
mental Fe** ions, a-cellulose powder was selected as carbon
source and ultrasonically dispersed in DI water, then zinc
nitrate was added as activator, and homogeneous solution was
obtained by impregnation method. Afterward, the precursor
powder was obtained by freeze-drying technique. Grinding the
precursor powder and melamine in mortar at a certain mass
ratio to obtain the uniform mixture. Finally, the powder was
pyrolyzed in Ar atmosphere according to the following two-stage
heating program: (1) at 550 °C for 1 h to dehydrate and
carbonize the material; (2) at 1000 °C for 1 h to further activate
and graphitize the material, which is due to the evaporation of
zinc at high temperature (>800 °C).** The final product of N-
doped multilayer two-dimensional porous carbon supported

2 0O gmO

> . e
Fﬁ | Freeze drying hﬁ
08

O™ o

Adsorption 2
a-cellulose powder ~—

oFc™

o 7a?

Melamine

Pyrolysis '

Scheme 1 Schematic diagram of Fe/FesO4,@NC preparation process.

© Fe,0,
® Fe

Fe/Fe;0,@NC
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Fe/Fe;0, composites was successfully prepared, named Fe/
Fe;0,@NC.

In addition, the synthesis conditions of different Fe content,
pyrolysis temperature and mass ratio of the precursor powder to
melamine further optimized the ORR activity. The Liner sweep
voltammetry (LSV) measurement and corresponding bar graph
was shown in Fig. S7.f For comparison, the samples of Fe/
Fe;0,@NC (Zn-free), NC (Fe-free), Fe/Fe;0,@C (N-free) and
Fe;0,@NC (acid etching) were prepared as details in ESIT of
Experimental Section.

The morphology and structure of the samples were analyzed
by SEM and TEM. Fig. S11 shows that the unactivated a-cellu-
lose power presents the smooth blocky carbon matrix with
almost no pore structure, the thick carbon structure is not
conducive to the good dispersion of metal particles to some
extent.”” The precursor that has not been pyrolyzed did not
show obvious wrinkles and is prone to internal particle aggre-
gation (in Fig. S2t). As shown in Fig. 1a, the Fe/Fe;0,@NC
catalyst possesses the typical graphitization structure with
multilayer two-dimensional layered nanosheets melamine as
a nitrogen source could be resolved into NH; gas during the
pyrolysis process, which is due to the decomposition of mela-
mine as intercalating agent into NH; gas during pyrolysis.*>**
Fig. 1b shows some large particles (d = 100-200 nm) and small
particles (d = 10-20 nm) with good dispersion are uniformly
embedded in the carbon matrix, while the small particles can be
ascribed to the confinement of graphene layers to inhibit the
agglomeration of nanoparticles. However, the controllable
morphology and structure of sample pyrolyzed by urea instead
of melamine is greatly affected without multilayer nano-flake
structure, and the metals tend to aggregate into large particles
(Fig. S3t). Additionally, the SAED pattern appears distinct
diffraction rings, which indicates that Fe/Fe;0,@NC is poly-
crystalline nature (inset of Fig. 1b). The other four comparative

(a)
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samples such as Fe/Fe;0,@NC (Zn-free), NC (Fe-free), Fe/
Fe;0,@C (N-free) and Fe;0,@NC are shown in Fig. S4.1 From
these images, it can be observed that the interior of the carbon
matrix is relatively thick, thus the metal nanoparticles cannot
be well dispersed and easy to agglomerate. In view of the fact
that zinc nitrate as activator, Zn atoms volatilize completely at
high temperature, leaving a large number of pores and acti-
vating the carbon substrate, thus resulting in more micropores
and defects and the Fe species particles could be better
dispersed in the carbon matrix. Meanwhile, iron nitrate
possessed a certain etching effect on carbon materials, which
promotes the graphitization degree to a certain extent.****
Clearly, Fe;O,@NC catalyst shows a rough porous structure by
acid etching, the particles size becomes smaller and well
distributed in the porous carbon substrate. The HRTEM image
of Fe/Fe;0,@NC reveals that the lattice fringes of 0.25 nm are
clearly visible, which is ascribed to the (311) crystal plane of
Fe;0,, as shown in Fig. 1c. Moreover, the d-spacing of 0.34 nm
around the Fe;O, nanoparticles, corresponding to the (002)
facet of graphitic carbon, the structure of metal nanoparticles
coated with graphite carbon can prevent corrosion and aggre-
gation during electrocatalysis.””> The lattice stripes of the
smaller nanoparticles are not obvious, then the d-spacing
cannot be clearly calculated, so it is impossible to determine
whether they are metallic Fe or not. According to Fig. 1d and e,
the STEM and corresponding element mapping images can be
observed that Fe, O, N and C elements are homogeneously
dispersed in the hybrid material, which illustrates that nitrogen
and iron atoms are successfully introduced into the porous
carbon materials. In addition, it seems that Fe and O mainly
exist in the large particles, while the small particles only contain
Fe, it is speculated that these carbon-coated metallic iron
species might be elemental iron or iron oxides.*®

Fig.1

(a) SEM image of Fe/Fez0,@NC, (b) TEM image and SAED pattern of Fe/Fez0,@NC, (c) HRTEM image of Fe/Fes04,@NC, (d) STEM image of

Fe/Fes04@NC, (e) corresponding element mapping images of Fe, O, N and C atoms of Fe/Fez0,@NC.
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XRD characterization was applied to analyse the chemical
composition and crystal structure of the samples. Fig. 2a shows
that the peak of 26 at 26° is attributed to the graphite carbon
(002) phase. The diffraction peak located at 32.1° is attributed to
the (311) phase of Fe;0, (JCPD No. 996-0073), and also appears
in the other four samples, while the diffraction peak of the
detected Fe phase (JCPD No. 996-0064) is weak possibly because
of the relatively low loading of Fe or the low content of reduced
iron, which is in agreement with the results of HRTEM. It also
demonstrates that Fe;O, still exists despite acid leaching, which
may be because some Fe;O, nanoparticles are wrapped by the
graphitized carbon and cannot be completely removed. The
defect structure and graphitization degree of the samples were
evaluated by Raman spectroscopy. According to Fig. 2b, there
are two characteristic peaks approximately at 1350 and
1590 cm ', defined as the D band and G band, which represent
the structural defects of sp® hybridization and the graphitized
carbon of sp> hybridization, respectively. Moreover, the inten-
sity ratio of D and G band (Ip/Ig) is a vital index to evaluate
defect and graphitization degree of the carbon materials.*” It
can be calculated that the value of Ip/I; of Fe/Fe;0,@NC, Fe/
Fe;0,@NC (Zn-free), NC (Fe-free), Fe/Fe;0,@C (N-free) and
Fe;0,@NC are 0.98, 1.05, 0.96, 1.11 and 1.01, respectively. As
a consequence, the graphitization degree of Fe/Fe;0,@NC is
the highest compared with other iron-containing materials,
indicating that the addition of zinc nitrate and melamine
obviously promotes the formation of graphitization and defect
structures of carbon materials, thus endowing these catalysts
with good conductivity and stability, which is conducive to
improve the electron transfer efficiency in the electrocatalytic
ORR process.

The specific surface area and pore size distribution of the
samples were analysed by Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods through the nitrogen
adsorption-desorption isotherm at 77 K. As shown in Fig. 3 and
S5,1 all catalysts show type IV isotherms with H3 hysteresis
loop, indicating the appearance of mesoporous structure.
Furthermore, the pore structure properties from BET analysis
are illustrated in Table S1.}

The specific surface area of Fe/Fe;0,@NC, Fe/Fe;0,@NC
(zn-free), NC (Fe-free), Fe/Fe;0,@C (N-free) and Fe;0,@NC are
546.70, 449.87, 357.91, 302.69 and 242.70 m* g ', respectively.
Moreover, the corresponding mesoporous volume ratios are

— Fe/Fe,0,@NC

— FelFe,0,@NC
NC (Zn-free) —_ @NC (Zn-free)
- fre
,0,@C (N-free)
Fe,0,@NC

Intensity (a.u.)
¢
| g 3

Intensity (a.u.)

Fe,0, POFR.007)

10 20 30 40 50 60 70 800 1000 1200 1400 1600 1800 2000

20 (degree) Raman Shift (cm™)

Fig. 2 (a) XRD patterns, and (b) Raman spectra of Fe/FesO4@NC, Fe/
Fes:04,@NC (Zn-free), NC (Fe-free), Fe/Fes04@C (N-free) and
Fez04@NC catalysts.
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Fig. 3 Nitrogen adsorption—desorption isotherm and pore size
distribution of Fe/Fez0,@NC catalyst.

97.46, 96.86, 93.75, 81.95 and 97.99%, respectively. Notably, the
Fe;0,@NC catalyst displays the lowest specific surface area and
the highest mesoporous volume ratio, which is attributed to the
acid etching. These results indicate that the Fe/Fe;O,@NC
catalyst possesses the largest specific surface area and higher
mesoporous volume ratio are benefited from the synergistic
effect of the activation of zinc nitrate, the etching of carbon
materials by iron nitrate and NH; generated by the addition of
melamine during pyrolysis, which is conducive to expose more
active sites and facilitate the rapid mass transfer and electron
transfer in ORR electrocatalytic process.

XPS measurements were investigated to further analyse the
valence states and chemical composition of the materials.
Firstly, the XPS survey spectrum displays that C, N, O and Fe
elements exist in Fe/Fe;0,@NC catalyst (Fig. 4a), which is
consistent with the results of corresponding element mapping.
It is noticed that the relative content of Fe, O and C elements in
Fe/Fe;0,@NC (Fe = 24.54%, O = 29.81% and C = 45.65%) and
Fe/Fe;0,@C (N-free) (Fe = 24.20%, O = 29.81% and C =
45.99%) catalysts are comparatively close, the difference in
composition lies in whether nitrogen is doped or not. According
to Fig. 4b, the high resolution Fe 2p XPS spectrum of Fe/
Fe;0,@NC catalyst corresponds to Fe’ at 708.2 and 720.3 eV,
Fe*" at 710.9 and 724.0 eV, and Fe*" at 714.1 and 726.4 eV in Fe
2ps.» and Fe 2p,,,, respectively. Besides, there peak is a satellite
peak at 718.3 eV, which implies that Fe(u) and Fe(in) ions coexist
in those electrocatalysts and proves the existence of Fe;0,4. The
formation of polyvalent iron is mainly due to the sensitivity of
metallic iron to air oxidation.*® In contrast, Fe/Fe;0,@C (N-free)
can be classified as Fe® at 710.4 and 720.0 eV, Fe*" at 711.3 and
724.5 eV, and Fe** at 713.2 and 726.3 eV in Fe 2p;,, and Fe 2p,
respectively (shown in Fig. 4c¢). It should be pointed out that the
addition of melamine makes the binding energy shift obviously.
The relative sensitivity factor method is used to calculate the
ratio of Fe/Fe;0, by the area of the element spectrum peak.*
Combined with Fig. Séc,T the Fe/Fe;0, ratios of Fe/Fe;0,@NC,
Fe/Fe;0,@NC (Zn-free) and Fe/Fe;0,@C (N-free) catalysts are
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Fig. 4 (a) XPS survey spectra of Fe/Fes04,@NC and Fe/Fes0,@C (N-

free), (b) high-resolution XPS spectrum of Fe 2p for Fe/FezO,@NC and
(c) Fe/Fes04@C (N-free), (d) N 1s, (e) C 1s, (f) O 1s for Fe/FezsO4@NC.

close to 1 : 5, elucidating that the products are controllable to
some extent. Fig. 4d shows that the Fe/Fe;0,@NC catalyst can
be assigned to pyridinic N (398.6 eV), Fe-N, (399.6 eV), pyrrole N
(400.8 eV), graphitic N (401.5 eV) along with oxidized N (403.4
eV). As proved by previous study, pyridinic N, pyrrole N and
graphitic N are conducive to improve ORR performance, and
the coordination of Fe-N, may be the active site of the catalyst.**
Specifically, N-doped changes the electronic structure of
graphite carbon, thus promoting the O, adsorption and
destroying O-O bond, which is beneficial to accelerate the ORR
process.®* The results also confirm the formation of Fe and
Fe;0, and the effective introduction of nitrogen into the carbon
matrix, which further verifies the results of HRTEM and XRD
measurements. Fig. 4e shows that the C 1 s spectrum of Fe/
Fe;0,@NC is assigned to four peaks of C-C, C-N, C-O and
O-C=0 at 284.6, 285.0, 286.4 and 290.2 eV, confirming that the
compound structure of biomass derived porous carbon matrix.
Furthermore, Fig. 4f shows that the O 1 s XPS spectrum of Fe/
Fe;0,@NC is ascribed to Fe-O, C=0, C-OH/C-0-C and C-0 at
530.5, 531.7, 532.7 and 533.8 eV, respectively. The high-
resolution of C 1s, O 1s and Fe 2p, N 1s XPS spectra in Fe/
Fe;0,@C (N-free) and Fe/Fe;0,@NC (Zn-free) catalyst are
shown in Fig. S6.1 Consequently, not only can iron species be
used as active components, but also the combination of
nitrogen species in carbon matrix can be improved. It is
considered that the synergy between this special N-doped
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carbon structure and active components further promotes the
electrocatalytic performance of the Fe/Fe;0,@NC catalyst.

3.2. Electrochemical performance for ORR

The ORR performance of the synthesized materials were
measured by cyclic voltammetry (CV) and linear sweep voltam-
metry (LSV) in 0.1 M Ar- and O,-saturated KOH solution. Fig. 5a
first indicates the CV curves that Fe/Fe;O,@NC and Pt/C have
obvious oxygen reduction peaks in O,-saturated solution, which
suggests the existence of ORR electrocatalytic activity for both
catalysts. Next, Pt/C, Fe/Fe;0,@NC, Fe/Fe;0,@NC (Zn-free), NC
(Fe-free), Fe/Fe;0,@C (N-free) and Fe;0,@NC catalysts are
measured with rotating disk electrode (RDE) at 1600 rpm (in
Fig. 5b). The ORR polarization curve and the calculated corre-
sponding bar graph are clearly shown in Fig. S8, we can see
that Fe/Fe;0,@NC catalyst displays good ORR activity with
positive E1, = 0.90 V vs. RHE and supreme J;, = 5.87 mA cm ™2,
even better than Pt/C catalyst (E;/, = 0.887 V vs. RHE, J;, = 5.78
mA cm’z). It is also demonstrated that the E;/,, values of Fe/
Fe;0,@NC (Zn-free), NC (Fe-free), Fe/Fe;0,@C (N-free) and
Fe;0,@NC modified catalysts are 0.858, 0.697, 0.828 V, and
0.874 vs. RHE, respectively, where J;, are 5.38, 4.43, 4.74 and 5.22
mA cm >, respectively. Apparently, the catalyst without iron
species has the lowest ORR catalytic activity, followed by the
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Fig. 5 (a) CV curves of Fe/Fes04 @NC and the Pt/C catalysts in Ar- or
O,-saturated 0.1 M KOH solution, (b) LSV curves of Pt/C, Fe/
Fez04@NC, Fe/Fes:04@NC (Zn-free), Fe/Fes04@C (N-free), NC (Fe-
free) and FezO4@NC catalysts at 1600 rpm, (c) Tafel slopes, (d) EIS
plots, (e) the yield of H,O, and transfer electron numbers, (f) LSV
curves before and after ADT test by 5000 CV cycles of Fe/Fes0,@NC
and Pt/C.
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catalyst without melamine, and finally the catalyst without zinc
nitrate. The results suggest that the Fe/Fe;O0, nanoparticles are
considered as ORR active component, and the addition of zinc
nitrate activator and melamine intercalation agent can signifi-
cantly improve the electrocatalytic activity of ORR. Compared
with previously reported biomass-derived carbon materials, the
Fe/Fe;0,@NC catalyst shows outstanding ORR catalytic activity,
as summarized in Table S2.7 Furthermore, the Tafel slope was
employed to assess the ORR kinetic of the samples. Fig. 5c
shows the values of Fe/Fe;0,@NC is 59 mV dec™ !, less than Pt/
C, Fe/Fe;0,@NC (Zn-free), NC (Fe-free), Fe/Fe;0,@C (N-free)
and Fe;0,@NC (72, 74, 76, 78 and 68 mV dec ™, respectively),
explaining that Fe/Fe;O,@NC catalyst has a favourable kinetics
for fast electron transfer behaviour during ORR electrocatalysis.
The charge transfer resistance (R.) ability of the catalysts was
examined by the electrochemical impedance spectra (EIS).
Compared with other catalysts, Fe/Fe;O,@NC achieves the
minimum charge resistance and maximum mass transfer effi-
ciency (Fig. 5d), which is consistent with the ORR performance
results. The kinetic mechanism of ORR was studied by the
rotating ring-disk electrode (RRDE) measurements. The elec-
tron transfer number (1) and the hydrogen peroxide yield
(H,0,%) of catalysts during electrocatalytic process are calcu-
lated by Koutecky-Levich (K-L) equation.®” Fig. 5e shows the
electron transfer number are approximate to 3.93 and 3.96,
confirming that Fe/Fe;O,@NC catalyst shows an efficient 4e™
transfer pathway of ORR. Meanwhile, both catalysts show a low
H,0, yields (less than 5%) in the potential range from 0.20 to
0.80 V vs. RHE. The results show that Fe/Fe;O0,@NC has
outstanding ORR catalytic activity in alkaline electrolyte.

To deeply investigate the enhanced ORR catalytic activity of
the catalysts, the cycling stability was performed by accelerated
durability test (ADT) in the O,-saturated alkaline solution.
Fig. 5f shows that Fe/Fe;0,@NC has only a slight negative shift
by 17 mV after 5000 CV cycles. Besides that, the structural
stability after ADT test is further observed in Fig. S9, the
morphology of Fe/Fe;0,@NC catalyst almost maintains the
multilayer two-dimensional porous carbon structure. The
robust stability of Fe/Fe;O,@NC catalyst derives from the
combination of nitrogen doping and carbon matrix, and the
graphitized carbon also keeps the active components away from
agglomeration during the electrolysis process.

4. Conclusions

In summary, this work put forward a simple and feasible
approach to successfully prepare Fe/Fe;0,@NC catalyst with o-
cellulose powder, zinc nitrate, iron nitrate and melamine as
precursors by impregnation-calcination method combined
with freeze-drying technique. As a result, the Fe/Fe;0,@NC
catalyst shows a large specific surface area and good electronic
conductivity under the synergistic effect of zinc nitrate activator
and nitrogen doping, so as to better disperse the active
components of Fe;O, nanoparticles. Electrochemical test
results further demonstrate that Fe/Fe;0,@NC catalyst exhibits
better electrocatalytic ORR activity with positive half-wave
potential and limit current density (0.90 V vs. RHE and 5.87

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mA cm™ %) than Pt/C (0.887 V vs. RHE and 5.78 mA cm 2).
Moreover, Fe/Fe;0,@NC shows a nearly 4e~ pathway for ORR,
the yield of H,O, is less than 5%, and it exhibits a decent
stability in alkaline medium only 17 mV loss in the half-wave
potential after 5000 CV cycles of ADT test. Therefore, Fe/
Fe;0,@NC catalyst possesses a potential application prospects
in fuel cells, which provides an innovative and sustainable
tactics for rational design of other efficient N-doped transition
metal-based biomass materials ORR electrocatalysts.
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