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ABSTRACT: Non-noble metal catalysts with catalytic activity
toward oxygen reduction reaction (ORR) comparable or even
superior to that of Pt/C are extremely important for the wide
application of metal—air batteries and fuel cells. Here, we
develop a simple and controllable strategy to synthesize Fe-
cluster embedded in Fe;C nanoparticles (designated as
Fe;C(Fe)) encased in nitrogen-doped graphitic layers
(NDGLs) with graphitic shells as a novel hybrid nanostructure

as an effective ORR catalyst by directly pyrolyzing a mixture of

Prussian blue (PB) and glucose. The pyrolysis temperature was
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found to be the key parameter for obtaining a stable Fe;C(Fe) @NDGL core—shell nanostructure with an optimized content of
nitrogen. The optimized Fe;C(Fe)@NDGL catalyst showed high catalytic performance of ORR comparable to that of the Pt/C
(20 wt %) catalyst and better stability than that of the Pt/C catalyst in alkaline electrolyte. According to the experimental results
and first principle calculation, the high activity of the Fe;C(Fe) @NDGL catalyst can be ascribed to the synergistic effect of an
adequate content of nitrogen doping in graphitic carbon shells and Fe-cluster pushing electrons to NDGL. A zinc—air battery
utilizing the Fe;C(Fe) @NDGL catalyst demonstrated a maximum power density of 186 mW cm ™2, which is slightly higher than
that of a zinc—air battery utilizing the commercial Pt/C catalyst (167 mW cm™2), mostly because of the large surface area of the
N-doped graphitic carbon shells. Theoretical calculation verified that O, molecules can spontaneously adsorb on both pristine
and nitrogen doped graphene surfaces and then quickly diffuse to the catalytically active nitrogen sites. Our catalyst can
potentially become a promising replacement for Pt catalysts in metal-air batteries and fuel cells.
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1. INTRODUCTION

Metal—air batteries and fuel cells have received great attention as
next generation energy storage and conversion devices owing to
the relatively high energy density, safety, and environmental
benignity.' > As a cathode reaction in these devices, oxygen
reduction reaction (ORR) is a crucial step affecting the overall
performance. Due to the sluggish ORR kinetics,’”® highly active
and stable catalysts are extremely important. Traditional catalyst
is based on noble metals, such as platinum supported on porous
carbon. However, the high cost, limited resource, and
unsatisfactory stability have seriously hampered the wide
application of noble metal catalysts.” > Tremendous efforts
have been put to developing nonprecious metal catalysts with
comparable ORR performance at much lower cost. Examples
include metal oxides,"*> metal-N—C catalysts,14_16 and metal
free catalysts.'”"'®

Recently, Fe/Fe;C encased in carbon shells has been reported
as a novel type of highly active catalyst toward ORR, and many
new methods have been adopted to prepare Fe/Fe;C@C based
catalyst."®'">' Meanwhile, the mechanism of ORR catalysis by
Fe or Fe;C encapsulated in carbon or nitrogen doped carbon
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were investigated. Deng et al. synthesized Fe encapsulated in
pristine and N-doped carbon nanotubes (CNTs) as an active
ORR catalyst. They found that the encapsulated Fe can
significantly enhance the ORR activity of CNTs. Density
function theory (DFT) calculations showed that there is charge
transfer from Fe to carbon which facilitates O, adsorption.
Doping nitrogen into the graphitic layer can further reduce the
local work function, leading to even better ORR performance.””
Li’s group synthesized hollow spheres containing Fe;C nano-
particles encapsulated in graphitic shells under high pressure as
an ORR catalyst. It was noted that the catalyst activity of ORR
drastically declined after the Fe;C nanoparticles were removed
by milling and subsequent acid leaching.'” More recently, a
thorough study on Fe—N—C catalyst for ORR was reported by
Wan’s group. Their experimental and calculation results proved
that both Fe/Fe;C nanocrystals and Fe—N, sites are essential to
achieve high ORR performance.”* Now it is mostly believed that
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the active sites within a Fe/Fe;C@C catalyst are situated in the
outside surface of the graphitic shells which are activated by the
encased Fe/Fe;C cores inside. Although Fe/Fe;C is not directly
exposed to oxygen, the electronic effect between Fe/Fe;C core
and external carbon shells results in a decreased local work
function on the surface of carbon shells, which facilitates O,
adsorption. The synergistic effect of Fe/Fe;C pushing electrons
and nitrogen doping are the key factors for achieving superior
ORR performance.

Many previously reported synthesis processes of Fe—N—C
catalysts are relatively complicated and difficult to scale up.
Herein, we report to synthesize Fe-cluster embedded in Fe;C
nanoparticles (designated as Fe;C(Fe)) encased in nitrogen
doped graphitic layers (NDGL) as a novel hybrid nanostructure
(Fe;C(Fe)@NDGL) as an effective ORR catalyst by directly
pyrolyzing a mixture of Prussian blue (PB) and glucose. The
synthesis could achieve to control the nitrogen doping content
and embed Fe-clusters in Fe;C. The catalyst showed very high
catalytic activity of ORR comparable to the Pt/C (20 wt %)
catalyst and better stability than the Pt/C catalyst in alkaline
solution. The experimental results and DFT calculation indicated
that the high activity of the optimized Fe;C(Fe) @NDGL catalyst
can be ascribed to the synergistic effect of Fe;C(Fe) pushing
electrons to nitrogen doped graphitic carbon shells and an
adequate level of nitrogen doping. The precursor consists of only
PB and glucose, which are both easily accessible and inexpensive.
It takes only one pyrolysis to obtain the Fe;C(Fe)@NDGL
catalyst. Optimal Fe;C(Fe)@NDGL core—shell nanostructure
and nitrogen level can be achieved by controlling the pyrolysis
temperature. The Fe;C(Fe) @NDGL catalyst was evaluated by
rotating disk electrode (RDE), which revealed excellent activity
and durability in ORR under alkaline solution. Furthermore, the
Fe;C(Fe) @NDGL catalyst showed better performance than the
Pt/C catalyst when tested in actual zinc—air batteries. A
mechanism is proposed that the nitrogen doped graphitic carbon
shells with a large surface area can spontaneously adsorb O, and
quickly transfer O, to the catalytically active nitrogen sites by
surface diffusion. The experimental results and theoretical
calculations systematically explained why Fe,C(Fe)@NDGL
showed high ORR activity and even better performance in zinc—
air batteries. Therefore, our catalyst is a potential and promising
alternative to noble-metal catalysts applied in metal—air batteries

and fuel cells.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. The Fe,C(Fe)@NDGL catalyst was
synthesized according to a process schematically illustrated in Scheme 1.

Scheme 1. Synthesis of Fe;C(Fe) Nanoparticles Encased in
Nitrogen-Doped Graphitic Layers
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During a synthesis process, commercial Prussian blue (0.5 g) and
glucose (0.15 g) were mixed together with addition of distilled water and
ethanol, and dispersed further by grinding in a mortar. And the mixture
was slowly dried at 80 °C in an electric heat oven. Afterward, the
powders were heated to a pyrolysis temperature in the range of 650—950
°C with 2 °C min™" and held at the pyrolysis temperatures for 6 h under
an Argon atmosphere. To remove the unstable and catalytically inactive
components, the pyrolyzed powders were leached in H,SO, (0.5 M)
solution at 80 °C for 12 h, followed by centrifugal collection and
thorough water-washing. Eventually, the leached samples were dried at
80 °C in a vacuum oven. The yield of the catalyst was about 32%. The
catalysts were denoted as FeNC-650, FeNC-750, FeNC-850, and
FeNC-950, according to their pyrolysis temperatures of 650, 750, 850,
and 950 °C, respectively.

2.2. Physical Characterization. The X-ray diffraction (XRD,
Bruker D8-Advance diffractometer with Cu Ka, A = 1.5405 A) was used
to characterize the structure of the samples. Raman spectra were
recorded by a Horiba modular Raman system (wavelength, 4, = 532
nm). The scanning electron microscopy (SEM) was performed with a
ZEISS Supra 55 field emission scanning electron microscopy. The
images of transmission electron microscopy (TEM) were taken using an
FEI TecnaiG2 F30. The X-ray photoelectron spectrometer (ESCALAB
250XL) was used to collect the X-ray photoelectron spectra (XPS). The
specific surface area was determined by nitrogen adsorption/desorption
method on a Micromeritics ASAP 2020 HD88. The pore size
distributions were derived from the adsorption isotherm according to
the Barrett—Joyner—Halenda (BJH) model.

2.3. Electrochemical Evaluation. All the electrochemical tests
were performed in a three-electrode system using rotating disk electrode
(RDE, Pine Instruments) with a glassy carbon electrode as the working
electrode. The reference electrode and counter electrode are Ag/AgCl
electrode and a Pt wire, respectively. The catalyst inks were prepared by
ultrasonically dispersing the as-prepared catalyst (10 mg) in a 2 mL
mixed solution for 30 min. The mixed solution was composed of 5 wt %
Nafion (Dupont) and deionized water with volume ratio of 1:9. For
comparison, 2 mg mL™" Pt/C (20 wt % Pt, Alpha Aesar) catalyst ink was
prepared by following the same procedure. A 15 uL FeNC ink was
pipetted on the glassy carbon electrode surface (S mm diameter, 0.196
cm? geometric area) so that the catalyst loading is 0.38 mg cm ™2 The 20
wt % Pt/C loading was calculated to be 0.15 mg cm™?, leading to Pt
loading of 31 ug cm ™2 The electrolyte was 0.1 M aqueous KOH solution
saturated with O,.

The kinetic parameters of ORR can be analyzed by the Koutecky—
Levich (KL) equation:
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where ] is the measured current density, Ji is the kinetic-limiting current
density, and J; is the diffusion-limiting current density, respectively; w is
the rotation speed in rpm, n is the number of transferred electron per
oxygen molecule, F is the Faraday constant (F = 96485 C mol™), Cy, is
the bulk concentration of oxygen in the solution (Co, = 1.2 X 107 mol
cm™3). Dy, is the diffusion coefficient of O, in 0.1 M KOH (Dg, = 1.9 X
1075 cm? s71), and v is the kinetic viscosity (v = 0.01 cm? s™").

According to the linear sweep voltammetry (LSV) curves, the
corresponding kinetic current densities were derived by means of the
following equation:

J
]L - ] (3)

2.4. Zinc—Air Battery Test. The air electrodes were prepared by
uniformly casting the catalyst ink on commercial Teflon-coated carbon
fiber paper (SGL carbon paper, Germany). The catalyst ink was a
mixture of 20 mg of the catalyst, 100 4L of S wt % Nafion solution, and 5
mL of ethanol. After ultrasonically dispersing for 1 h to form a
homogeneous ink, the catalyst ink was uniformly casted on a 2.0 cm?

carbon fiber paper, leading to a catalyst loading of 2.4 mg cm™
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DOI: 10.1021/acsami.6b13166
ACS Appl. Mater. Interfaces 2017, 9, 4587—4596


http://dx.doi.org/10.1021/acsami.6b13166
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.6b13166&iName=master.img-001.jpg&w=239&h=121

ACS Applied Materials & Interfaces

Research Article

Binding Energy (eV)

(C) c FelC-650 C Graphite (JCPDS No.41-1487) (d)
FeNC.750 v FeC (JCPDS N0.35-0772)
FeNC-850 a Fe (JCPD'S N0.06-0696)
———FeNC-950 v Austenite (JCPDS N0.52-0512)
5 ]
=] ]
s s
z £
2 c
s 2
)| £
1,1,=0.55
gs50°c 1,/1,=0.56
5% A el
o Ll L] L L i T =~ T T T T T
20 30 40 50 60 70 80 800 1200 1600 2000
20(d .
(degree) Raman Shift (cm™)
e
(€) N1s (f) Fe2P,, Fe2p
Pyrrolic N G{':b':h:'tv':
(400.0 eV) B 707.0 eV
3 :;‘;’;d;";;," Oxidized N 3
; . (403.2 eV) & 7082 eV
‘@ F 20.7 eV
5 P 720.0 eV
@
£ E
T 1 v T b L] L ] v T L] e L Ll 1 I )
394 396 398 400 402 404 406 408 410 700 705 710 715 120 725 730

Binding Energy (eV)

Figure 1. (a and b) TEM of FeNC-850. (c) XRD patterns. (d) Raman spectra. (e) High-resolution N 1s XPS of FeNC-850. (f) High-resolution Fe 2p

XPS of FeNC-850.

Afterward, it was dried at 80 °C for 1 h. The battery was assembled using
a zinc foil as the anode and 7 M KOH solution as the electrolyte. The
battery was equipped with a pump to circulate the electrolyte during the
test. The galvanostatic discharge test was carried out using a Neware
Battery test instrument (Shenzhen Neware Instrument Company) at
room temperature. To assess the cathode performance, the galvanody-
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namic experiment was carried out using an electrochemical workstation
(Princeton) at different current densities.

3. CALCULATION

First principle calculations were performed with generalized
gradient approximation on projector augmented wave pseudo-
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potential, which was implemented in the vienna ab initio
simulation package (VASP). In order to match the lattice
constant, the maximum change on the length of iron and Fe;C
was 7.38% and 5.40%, respectively. As the objective of the
calculation was to study the trend of changes in graphene before
and after adhering, we chose the most common low-index surface
(001) both for Fe and Fe;C. An energy cutoff of 450 eV and 4 X 6
X 1 Monkhorst—Pack was used in the graphene—iron system,
and 3 X 2 X 1 Monkhorst—Pack was used in the graphene—Fe;C
system. A vacuum buffer space of 20 A was set to eliminate the
effect of the atoms from neighboring lattice both in the
graphene—iron and graphene—Fe;C system. During the
geometry optimizations, we used six layers of Fe/Fe;C atoms
to simulate iron or Fe;C beneath graphene. The bottom four
layers of Fe/Fe;C atoms are fixed to simulate the bulk iron or
Fe;C. We have also fixed the lattice constant. All calculations are
spin-polarized. van der Waals interactions were also considered.

4. RESULTS AND DISCUSSION

When subjected to pyrolysis in an inert atmosphere, PB gradually
decomposed to iron, carbon, nitrogen gas, various iron carbides
(Fe,Cs, Fe,C, Fe;C), and various carbon nitride gases (CN,
C,N,", C3N,*, C;N;*)."*** Metallic iron or iron carbide
nanoparticles catalyzed the deposition of nitrogen doped
graphitic layers from the gaseous decomposition products of
PB and glucose. The structure and the morphology of the
samples were observed by SEM and TEM (Figure S1—S2). As
shown in Figure Slc, the typical morphology of FeNC-850 is
mainly spherical nanoparticle with a diameter bout 30—40 nm.
The detailed characteristics of the nanoparticles can be revealed
by TEM (Figure la and b), which shows that the Fe,;C(Fe)
nanoparticles are completely enclosed by graphitic layers with a
thickness of about S nm, exhibiting a well-defined core—shell
structure. Note that the interface layer between Fe;C and
graphitic layers should be the nitrogen doped graphene. During
pyrolysis, Fe nanocrystals formed by the reduction of PB
catalyzed the growth of nitrogen-doped graphitic layers on the
surface of Fe, while parts of carbon dissolved in Fe formed Fe;C
crystalline during cooling, leading to the hybrid core—shell
Fe;C(Fe)@NDGL.**® The core—shell nanoparticles were
further analyzed by high-resolution TEM (HRTEM). The
image displays well-defined lattice fringes with space distance
of 0.18 and 0.20 nm, which are consistent with the planes of
(221) and (031) in the FeyC phase. Fe;C(Fe) nanoparticles
confined by graphitic layers are expected to improve the chemical
activity of nitrogen doped graphitic layers where oxygen is
activated and reduced.”””’

Figure 1c shows the XRD patterns of catalysts synthesized at
different temperatures followed by leaching in H,SO,. The two
relatively wide peaks located at about 26.2° and 43.5° corres}})ond
to the (002) and (101) planes of the graphitic carbon,”® and
other peaks can be assigned to Fe,C (JCPDS No. 35-0772), a-Fe
(JCPDS No. 06-0696), and y-Fe (JCPDS No. 52-0512).%° The
XRD data confirm the presence of graphitic carbon in all samples
and Fe;C in samples except FeNC-650. It also shows that there is
a small amount of a-Fe and y-Fe in FeNC-750, FeNC-850 and
FeNC-950. Samples without H,SO, leaching were also examined
by XRD (Figure S3). Fe,O; (JCPDS No. 39-1346) was identified
in FeNC-650 before leaching, which was apparently removed by
H,SO, during leaching. Fe, Fe,0;, and Fe;C were identified in
FeNC-750 before leaching, and Fe;C was identified in FeNC-
850 and FeNC-950. Based on the XRD data, a possible
mechanism is proposed. At 650 °C, metallic Fe and carbon
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were formed when the precursor decomposed upon pyrolysis. At
that temperature, growth of graphitic carbon catalyzed by Fe was
sluggish and the carbon layers contained many pores/defects
permeable to oxygen. Fe was oxidized to Fe,O; when exposed to
air, and then Fe,O; was removed by H,SO,, during leaching. As
the pyrolysis temperature increased, various iron carbides
(Fe,Cs, Fe,C, and Fe,C) started to form and less-defective
graphitic carbon layers formed around the nanoparticles.
Meanwhile, Fe,C; and Fe,C further transformed to Fe;C with
excess carbon segregating to the particle surface and reinforcing
the carbon shells. The impermeable graphitic carbon shells
protected Fe/Fe;C from oxidation and H,SO, leaching.
Therefore, stable Fe;C(Fe)@NDGL core—shell nanostructure
cannot be obtained if the pyrolysis temperature is 650 °C or
lower.

Raman spectra of the catalysts were collected to compare the
degree of graphitization of the carbon shells (Figure 1d). D-band
and G-band of the samples are located at ~1352 and ~1594
cm™!, respectively.”” ™' With the pyrolysis temperature
increasing, the integral intensity ratio of Ig/I also follows an
increasing trend (Figure S4). It suggests that a more ordered
graphitic structure and less defects have been formed at a higher
heat-treated temperature, which would improve the conductivity
and thus promotes charge transfer. In addition, the graphitic
carbon structure containing fewer pores/defects can offer better
protection to the Fe;C(Fe) cores. The Raman result further
verified that pyrolysis temperature above 650 °C is essential to
produce high-quality core/shell nanoparticles which can be
stable in air and in acids.

Since the surface composition is of particular importance to
catalytic performance, we further investigated the catalysts by
XPS. The XPS survey reveals that the samples mainly consist of
C, O, N, and Fe (Figure SSa). The atomic percentages of
different elements are summarized in Table S1. As shown in
Figure le, the high resolution N 1s spectrum could be assigned to
four peaks which are pyridinic N (398.5 + 0.2 eV), pyrrolic N
(400 + 0.2 eV), graphitic N (401 + 0.2 eV), and oxidized N
(403.0 + 0.3 eV), respectively.””* Generally, pyridinic N and
graphitic N are considered to be sp’ hybridized, which would
enhance the activity for ORR. Besides, pyridinic N and pyrrolic N
are likely to form catalytically active Fe—N,/C centers because of
lone-pair electrons.”*** And the contribution of oxidized N
toward to ORR is unclear.*® According to the integral area of
corresponding peaks, the contents of different types of nitrogen
were shown in Table 1. It is noted that the total nitrogen content

Table 1. Contents of Various Types of Nitrogen Sites
Determined by XPS

catalyst FeNC-650 FeNC-750 FeNC-850 FeNC-950
pyridinic N (at %) 4.14 1.71 0.60 0.20
pyrrolic N (at %) 2.70 1.73 0.65 035
graphitic N (at %) 2.33 1.76 143 0.96
oxidized N (at %) 1.64 145 1.06 0.87
total N (at %) 10.81 665 374 2.38

deceases with the temperatures increasing, which indicates that
the unstable nitrogen sites tend to decompose at higher
temperatures. By deconvolution, the high resolution Fe 2p3/2
spectrum (Figure 1f) can be assigned to metallic Fe (707.0 eV)
and Fe in Fe;C (708.2 eV), respectively, which is consistent with
the observations by XRD. Due to the low signal intensity of Fe
crystalline phase revealed by XRD, we infer that there are small
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Figure 2. (a) Rotating disk electrode (RDE) voltammograms of all the samples in an O,-saturated 0.1 M KOH solution at a rotation speed of 1600 rpm
with a scan rate of 10 mVs™". (b) Schematic representation of the ORR process at the surface of N-doped graphitic layers with Fe;C encased.

domains containing zero-valence Fe atoms according to the XPS
results.

The BET specific surface areas and pore sizes of the samples
were derived from N, adsorption/desorption measurements
(Figure S6). The specific surface areas were calculated to be 594,
573,418, and 341 m” g~ for FeNC-650, FeNC-750, FeNC-850,
and FeNC-950, respectively. The specific surface area shows a
downtrend with the pyrolysis temperature increasing, probably
because of partial shrinkage of the carbon skeleton at higher
temperatures. Generally, materials with a relatively high specific
surface area would probably contain more catalytic sites and thus
show high ORR performance. Utilizing the BJH model, the pore
size distribution derived from the corresponding adsorption
isotherm revealed pore diameters with a range from 10 to 100
nm, indicating that the samples mainly contain mesopores and
macropores. It is believed that the mesopores and macropores
facilitate the mass transfer of the ORR-related species such as O,,
H,0 and OH~, thus enhancing the ORR activity.”’ =’
Therefore, the Fe;C(Fe)@NDGL catalyst with a relatively
high surface area and adequate pore size distributions should be a
good choice for ORR.

The catalytic activity of the catalysts was evaluated by RDE in
alkaline solutions. As shown in Figure 2a, we first studied the
ORR performance as a function of the pyrolysis temperature to
preliminarily screen the catalyst with the highest activity in an O,-
saturated 0.1 M KOH solution. According to the linear sweep
voltammetry curves, the FeNC-850 exhibits the best ORR
activity, which is judged by the onset potential, the half-wave
potential and the diffusion-limiting current, shown in Table S2.
In XRD and TEM analysis, we have observed that FeNC-750 and
FeNC-950 catalysts show a microstructure similar to that of
FeNC-850, while the FeNC-650 is mainly composed of carbon
layers without Fe;C core. It is noted that the onset potential and
half-wave potential of FeNC-650 are both more negative than
those of FeNC-750 and FeNC-850. It suggests that Fe;C(Fe)
core significantly enhances the catalytic activity even though it is
not exposed to the solutions and O,. Although FeNC-650 has the
largest specific surface area and highest nitrogen content, it does
not show very high ORR activity. Previous works suggested that
nitrogen doping is a precondition to form active sites in Fe-based
or C-based ORR catalysts.””*' So it can be inferred that the
Fe;C(Fe) nanoparticles have interacted with the graphitic
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carbon shells to facilitate O, adsorption and reduction, as
shown in Figure 2b. To some extent, the enhanced performance
of FeNC-850 can be ascribed to the confinement effect of
Fe;C(Fe) encapsulated in the carbon shells, which is similar to
the iron cluster within the CN'T channels.*” Since the onset and
half-wave potentials of FeNC-750 and FeNC-850 are almost
equal, the main difference is the current density, which is likely
ascribed to the different conductivity because the samples treated
at the higher pyrolysis temperature (850 °C) can generate better
electronic conductivity for graphitic carbon shells. When the
temperature was further elevated to 950 °C, the catalyst activity
began to decrease, likely due to the reduced number of nitrogen
sites. Obviously, the pyrolysis temperature directly affects the
core—shell nanostructure (interaction between the Fe,C(Fe)
cores and the graphitic carbon shells), the electronic
conductivity, the number of nitrogen sites, and the specific
surface area. Therefore, this observation indicates that the
outstanding ORR catalytic activity of FeNC-850 can be
attributed to optimizing multiple factors.

Furthermore, we compared the ORR performance of the
FeNC-850 catalyst and a Pt/C (20 wt %) catalyst, as shown in
Figure 3a. In 0.1 M KOH, FeNC-850 displays relatively positive
onset potential (—0.055 V vs Ag/AgCl) and half-wave potential
(—0.152 V vs Ag/AgCl), respectively, which is comparable to
those of the Pt/C catalyst (—0.041 and —0.134 V). To
understand the reaction pathway for ORR, the kinetics of ORR
was investigated by rotating disk electrode (RDE) from 225 to
2025 rpm and the kinetic parameters were calculated using the
KL equation. It is noted that the diffusionlimiting current exhibits
an increasing trend mainly because of the accelerated diffusion at
higher speeds, shown in Figure 3b. The fitting KL plots exhibits
very good linearity (Figure 3c), suggesting the first-order
reaction kinetics toward the dissolved oxygen concentration
and similar number of transferred electrons in ORR at various
potentials."”**** The number of transferred electrons was
derived to be ~4 at various potentials from —0.30 to —0.70 V,
indicating that a four-electron pathway dominated the ORR
process. *>*> Additionally, based on the KL plots, the
corresponding kinetic-limiting current density was calculated
to be 33.09 mA cm ™ for FeNC-850 at the potential of —0.5 V (vs
Ag/AgCl). It is nearly equal to the value of the Pt/C (33.26 mA
cm™2), as shown in Figure 3d. The corresponding Tafel slope
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Figure 3. (a) LSV curves of FeNC-850 and Pt/C. (b) LSVs for FeNC-850 with various rotation rates. (c) Corresponding KL plots (j~' vs o™V at
different potentials. (d) Kinetic-limiting current densities and corresponding electron-transfer numbers at —0.50. (e) Corresponding Tafel plots of
FeNC-850 and Pt/C. (f) Chronoamperometric curves of FeNC-850 and Pt/C at —0.30 V in an O,-saturated 0.1 M KOH solution at 1600 rpm.

(Figure 3e) of FeNC-850 at low over potentials was calculated to
be 89.9 mV dec™!, which is close to that of the Pt/C (84.0 mV
dec™), indicating that FeNC-850 has a good kinetic process
similar to Pt/C catalyst. Since the durability of the catalyst is one
of the major concerns in the practical application, the stability
test of FeNC-850 and Pt/C were carried out at —0.3 V (vs Ag/
AgCl) for 36000 s in an O,-saturated 0.1 M KOH solution at
1600 rpm, as shown in Figure 3f. It is noted that continuous
oxygen reduction reaction based on the FeNC-850 catalyst
electrode caused only a current loss of approximately 18% before
stabilizing. By contrast, the current loss based on the 20 wt % Pt/
C electrode was as high as about 34% under the same tested
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conditions. Thus, the catalytic activity of FeNC-850 has a much
better stability than that of the 20 wt % Pt/C in test situations.

It is well-known that the RDE (half-cell) test conditions are
very different from the practical metal—air battery environment,
where the electrolyte concentration is much higher and the
diffusion coefficient as well as the solubility of oxygen is lower. It
is quite necessary and important to evaluate the electrochemical
performance of the catalyst in a practical metal—air battery. We
first carried out a zinc—air battery test by discharging at a current
density of SO mA cm ™, as shown in Figure 4b. The open circuit
voltage of the zinc—air cell remained steady at 1.53 and 1.46 V for
Pt/C and FeNC-850, respectively, which further confirmed that
the intrinsic activity of FeNC-850 was close to that of Pt/C. After
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Figure 4. (a) Schematic of a Zn—air cell with pump-circulating electrolyte. (b) Discharge curves of Zn—air cells utilizing FeNC-850 and Pt/C catalysts in
stagnant electrolyte. (c) Discharge curve of Zn—air cells with circulating electrolyte. (d) Current—voltage and current—power curves of Zn—air cells

utilizing FeNC-850 and Pt/C catalysts.

discharging for approximately 2 h at the current density of 50 mA
cm™?, the voltage of the battery quickly dropped below 0.75 V.
Based on the mass of consumed zinc, the actual specific capacities
were both about 790 mAh g™' for zinc—air batteries using the
FeNC-850 catalyst and the Pt/C catalyst (shown in Figure S8).
When the zinc—air battery discharges, the zinc would be oxidized
to form soluble Zn(OH),>”. When Zn(OH),*” are super-
saturated in the alkaline solution, they would decompose into
insoluble ZnO.> Once the zinc oxide deposits fully covered the
surface of zinc electrode, the zinc anode was passivated and the
discharge voltage quickly dropped before the zinc anode can be
fully utilized. To prevent battery failure due to zinc oxide
deposition, a new zinc—air device was equipped with a pump to
circulate the electrolyte, shown in Figure 4a. Figure 4c depicts the
discharge curve of zinc—air battery with electrolyte circulation at
50 mA cm™>. Amazingly, the discharge time was extended to
about 23 h until zinc was fully consumed. Replacing the spent
zinc foil and the electrolyte without changing the air cathode
could fully restore the performance the zinc—air battery,
indicating excellent stability of the FeNC-850 catalyst. The
current—voltage and current—power plots of zinc—air batteries
are shown in Figure 4d. It is noted that there is a tiny gap in the
discharge voltage and the output power between FeNC-850 and
Pt/C catalysts at low current densities. But when it comes to
higher current densities, a reverse trend has been observed. The
voltage of the battery with Pt/C catalyst becomes lower than that
of FeNC-850 catalyst. The corresponding peak power density of
zinc—air battery based on FeNC-850 catalyst is about 186 mW
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cm™?, which is slightly higher than that of the zinc-battery with
Pt/C catalyst (167 mW cm2), indicating that the favorable pore
structure of FeNC-850 catalyst can facilitate fast mass and charge
transfer. Both results from the galvanodynamic test and
galvanodischarge test showed that the electrochemical perform-
ance of the FeNC-850 catalyst was comparable or superior to
that of the Pt/C (20 wt %) catalyst in the practical zinc—air
battery. So FeNC-850 is a promising and potential catalyst
toward ORR to be used in metal—zinc batteries and fuel cells.
Our first principle calculations show that there is a charge
(electrons) transfer from Fe/Fe;C to carbon layers from
projected density of states (DOS) and bader charge analysis,
indicating a positive effect on catalyzing for N-doped carbon
layers when it is in contact with iron and Fe;C, which can both be
found beneath the carbon layers by XPS analysis. The transferred
extra electrons are generally considered to be one of the key
factors that enhance the ORR activity. We first calculated a series
of systems with increasing iron atoms between N-doped
graphene (NDG) and Fe;C bulk. With the increasing number
of iron atoms, the arrangement of iron atoms is shown to be
Fe;C-like configuration first and then Fe-metal-like configuration
(Figure S9). This validates that Fe can exist between Fe;C and
carbon layers. For simplicity, we calculated the configuration of
carbon layers on Fe and Fe;C separately. We then considered
one and two layers of carbon atoms above iron and Fe;C surface
separately. It can be found that the number of electrons on the
surface carbon layer increases on both one layer and two layers
system (Figure S10). Thus, we only calculated the case for one
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Figure 5. Projected density of states (DOS) on carbon layer in graphene-iron system (a) and graphene—Fe;C system (b). The black and red lines in each
graph represent the DOS of nitrogen doped graphene (NDG) before and after contacted with Fe or Fe;C. The shadow areas in parts a and b illustrate the
extra electrons transferred from Fe/Fe;C to NDG layer. The charge difference densities for NDG/Fe system and NDG/Fe;C system before and after
contacting are plotted in parts c and d, respectively. The light blue areas indicate the areas gaining electrons, and the light yellow areas indicate the areas
losing electrons. The same isosurface level of the boundary for both systems is adopted.

layer of N-doped graphene on Fe and Fe;C. The geometric
matching was implemented separately on graphene—iron and
graphene—Fe;C systems. As a result, the proportions of doped
nitrogen atoms were different for the two systems, 2.5% and 1.6%
in graphene—iron and graphene—Fe;C, respectively. In order to
eliminate the influence caused by different nitrogen proportion,
we only compared the differences between NDG—iron (NDG—
Fe;C) system and NDG in the same lattice structure.

In project DOS analysis (Figure Sa and b), it can be observed
that there is a significant leftward shift after NDG adhering on
iron and Fe;C. The leftward movement demonstrates the
upward shift of Fermi level and the increasing of electrons on
NDG. The shadow area also provides evidence that NDG layer
gains electrons from Fe or Fe;C. Moreover, it can also be seen
that compared with Fe;C, the upward shift of the Fermi level in
NDG—Fe system is much more significant, indicating more
charge transfer from Fe to NDG layers and a much better activity
for ORR in NDG-—Fe system. The bader charge analysis
illustrates the same trend. The NDG layer gains 0.055 electrons
per atom from Fe and 0.051 electrons per atom from Fe;C for the
NDG—Fe;C system. Considering lower nitrogen content in
graphene layer on Fe;C, which should be more capable to gain
electrons from Fe or Fe;C, it can be concluded that iron can
provide more electrons to carbon layers than that of Fe;C. From
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the charge difference density analysis (Figure Sc and d), we can
see that more extra-electrons are transferred to NDG layer in
NDG-—iron system (especially for the nitrogen atom), indicating
a more significant improvement on catalytic activity by iron than
by Fe;C.

Additionally, DFT calculation was performed to explain why
Fe;C(Fe) @NDGL catalyst achieved higher peak power density
than commercial Pt/C catalyst in Zn—air batteries. The
calculation of adsorption energy suggested that O, can
spontaneously adsorb onto pristine and nitrogen doped
graphene surface (Figure S11 and Table S4). Also, calculation
showed that the diffusion on the surface of graphene is 3 orders of
magnitude faster than that in the electrolyte solution (Figure
S11). Therefore, the whole surface of the NDG layer in contact
with the electrolyte solution can effectively capture O, molecules,
which would quickly diffuse to the active sites on the continuous
graphene surface. For Pt/C catalyst, O, molecules can only
adsorb onto scattered Pt clusters and react. Combined with a
large surface area of the N-doped graphitic matrix, the Fe,;C(Fe)
@NDGL catalyst will definitely have a larger catalytically active
surface area, leading to higher current density and power density.
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5. CONCLUSIONS

In summary, we have developed a new synthesis method for
producing Fe;C(Fe)@NDGL with a core—shell structure by
simply pyrolyzing a mixture of commercial PB and glucose under
ambient pressure. Since the nitrogen content and the core—shell
structure of the as-prepared materials can be controllably tuned
by the pyrolysis temperature, we were able to optimize the
synergetic effect between the Fe;C(Fe) nanoparticle and the N-
doped graphitic carbon shells for achieving superior catalytic
performance. The catalyst exhibited excellent ORR performance
comparable to the Pt/C catalyst and better stability than the Pt/
C catalyst in alkaline medium by RDE tests. According to first
principle calculation and experimental results, the high catalytic
performance of the optimized FeNC-850 can be ascribed to the
synergistic effect of Fe;C(Fe) pushing electrons to NDGL and
adequate nitrogen doping. Note that the Fe metal-domain
sandwiched between NDGL and Fe;C layers can provide more
electrons to NDGL than Fe;C, by which more extra-electrons are
transferred to the N-sites in NDG—iron system to enhance ORR.
The high performance of the catalyst was further demonstrated
in zinc—air batteries. The battery based on FeNC-850 air cathode
showed a maximum power density of 186 mW cm™?, exceeding
that with Pt/C catalyst (167 mW cm™2), in which the unique
mesopores and macropores of Fe;C(Fe) @NDGL can facilitate
O, transferring to active centers for catalysis and enhance the
performance of ORR kinetics. Considering that the synthesis
method utilizes inexpensive precursor and does not require
organic solvents, templates, or high pressures, it is very suitable
for large-scale production and wide application in metal—air
batteries.
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