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ABSTRACT

Electrocatalysts with high catalytic activity and stability play key role in some
promising renewable energy technologies, such as fuel cells and metal-air
batteries. Here, we reported the synthesis of Fe/Fe:Os nanoparticles anchored on
Fe-N-doped carbon nanosheets (Fe/Fe:Os@Fe-N-C) using shrimp-shell derived
N-doped carbon nanodots as carbon and nitrogen sources in the presence of FeCls
by a simple pyrolysis approach. The results demonstrated that Fe/FexOs@Fe-N-C
obtained at pyrolysis temperature of 1000 °C (Fe/Fe2Os@Fe-N-C-1000) possessed a
mesoporous structure and high surface area of 747.3 m? g1. As electrocatalyst,
Fe/FexOs@Fe-N-C-1000 exhibited bifunctional electrocatalytic activities toward
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) in alkaline
media, comparable to that of commercial Pt/C for ORR and RuO: for OER,
respectively. The test of zinc-air (Zn-air) battery demonstrated that
Fe/FexOs@Fe-N-C-1000 as air cathode material showed superior rechargeable
performance and cycling stability with an open circuit voltage of 1.47 V (vs.
Ag/AgCl) and a power density of 193 mW cm at current density of 220 mA cm?,
better than commercial catalyst with an open circuit voltage of 1.36 V and a power
density of 173 mW cm? at current density of 220 mA cm? (a mixture of
commercial Pt/C and RuO: with a mass ratio of 1:1 was used for rechargeable
Zn-air battery measurements). This work would be helpful to design and develop
low-cost and abundant bifunctional oxygen electrocatalysts for future metal-air
batteries.
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1 Introduction

Rechargeable zinc-air (Zn-air) battery as
renewable energy technology has recently
attracted increasing research attention owing to
its low cost, compact structure configuration and
high power density [1-5]. For practical use of
rechargeable Zn-air batteries, it is critically
important to develop low-cost, abundant and
high-performance electrocatalysts with superior
catalytic activities toward both oxygen reduction
reaction (ORR) and oxygen evolution reaction
(OER) due to the batteries’ performance directly
related to the electrocatalysts’ bifunctional ORR
and OER catalytic activities [1-3, 6, 7]. To date,
Pt-based materials have been proven to be the
most efficient catalysts for ORR, but showing
poor OER catalytic activity [8];
ruthenium/iridium oxides have been widely
accepted as the most active catalysts for OER,
while their ORR performance is very low [9].
These noble metal/metal oxide electrocatalysts
with superior catalytic activity toward either
ORR or OER cannot meet the requirements as
bifunctional =~ oxygen  electrocatalysts  in
rechargeable Zn-air batteries [8-10]. More
importantly, the high cost and source scarcity of
these commercial ORR/OER electrocatalysts have
been the biggest limitation for their scale-up
applications [11, 12]. Therefore, it is highly
desired for developing low-cost, abundant and
high  performance  electrocatalysts  with
bifunctional catalytic activities toward both ORR
and OER for rechargeable Zn-air batteries.

Recently, transition metal (e.g., Fe, Co etc.)
contained N-doped carbon materials have
demonstrated great potential in primary
Zn-air/rechargeable Zn-air batteries due to their
intrinsically  high electrocatalytic — activities
toward ORR or both ORR and OER [1-5, 13, 14].
For Fe active species contained N-doped carbon
materials, such as Fe-N-doped carbon [15, 16], Fe
nanoparticle@N-doped carbon [2, 17], iron

oxide@N-doped  carbon [18], and iron
carbide@N-doped carbon [4, 7, 19, 20], have been
developed and investigated as electrocatalysts for
ORR or both ORR and OER, exhibiting superior
electrocatalytic activities. The theoretical and
experimental results have revealed that various
Fe active species incorporating N doping in
carbon structures can effectively create catalytic
active sites, combined with the advantageous
characteristics of carbon structures such as high
surface area and porous property, resulting in
high ORR or bifunctional ORR and OER
performance [2, 4, 17, 21]. However, most works
on the aforementioned Fe active species
contained N-doped carbon materials are almost
used as only ORR or OER electrocatalysts for
half-cell reaction study of a Zn-air battery [15, 18,
20, 22]. To date, only few reports have
demonstrated that Fe active species contained
N-doped carbon materials can be assembled into
a real Zn-air battery for primary or rechargeable
battery =~ measurements,  exhibiting  high
performance and cycling stability, but still far
from practical applications [2-5, 23]. Therefore,
exploring more Fe-based N-doped carbon
materials with high bifunctional ORR and OER
catalytic activities is still highly requested for
meeting the practical needs of Zn-air batteries.

Generally, Fe active species contained
N-doped carbon materials are fabricated by high
temperature pyrolysis approach, for example,
one-step synthesis in the presence of Fe, carbon
and nitrogen precursors and two-step synthesis
by post-treating N-doped carbon structures in the
presence of Fe precursor [2, 4, 19, 20]. No matter
what synthetic method is adopted, nitrogen and
carbon contained chemicals are necessary during
high temperature pyrolysis to obtain N-doped
carbon structures in most studies [2, 4, 18, 19],
undoubtedly improving the cost of practical
applications. Recently, N-doped carbon materials
derived from raw biomasses such as grass and
shrimp shell efc. have demonstrated great
potential as electrocatalysts for ORR [24-27]. Our
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recent work also demonstrates shrimp-shell
derived N-doped carbon nanodots can be used as
carbon and nitrogen sources to further assemble
and transform into three-dimensional N-doped
porous graphitic carbon for high efficient ORR
[27]. This inspired us to utilize such low-cost and
abundant biomass-derived N-doped carbon
nanodots as carbon and nitrogen sources to
fabricate high performance non-precious metal
contained N-doped carbon electrocatalysts with
bifunctional ORR and OER activities for
rechargeable Zn-air battery applications.

Herein, we reported the synthesis of
Fe/Fe:0s3 nanoparticles anchored on Fe-N-doped
carbon nanosheets (Fe/Fe:0s@Fe-N-C) using
shrimp-shell derived N-doped carbon nanodots
as precursor in the presence of FeCls by a simple
high temperature pyrolysis approach. The
resulting Fe/Fe:0s@Fe-N-C composites were used
as  electrocatalysts to  evaluate  their
electrocatalytic activities toward both ORR and
OER. The experimental results indicated that
Fe/FexOs@Fe-N-C ~ obtained at  pyrolysis
temperature of 1000 °C (Fe/FexOs@Fe-N-C-1000)
exhibited superior ORR activity in both alkaline
and acidic media, comparable to that of
commercial Pt/C catalyst. Simultaneously, the
Fe/Fe203@Fe-N-C-1000 also showed high OER
catalytic activity, comparable to that of
commercial RuO: catalyst. The
Fe/Fe:Os@Fe-N-C-1000 with bifunctional ORR
and OER activities was used as air cathode
material, manifesting high performance and
cycling stability in a rechargeable Zn-air battery.

2 Experimental

2.1 Synthesis of N-doped carbon nanodots from
shrimp shells

Shrimp-shell derived N-doped carbon nanodots
(N-CNs) were synthesized using a similar
method reported by us [27]. In a typical synthesis,
the shrimp shells were first dried at 80 °C for 12 h,
and then ground into powder as reaction
precursor. Next, 10 g shrimp-shell powder was
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added to 60 mL of deionized water, and then
transferred into a 100 mL of Teflon-lined
autoclave and kept at 180 °C for 15 h. After
hydrothermal reaction, the obtained mixture was
adequately filtrated to remove large size residues
by simple filtration approach (two times using
0.45 um Millipore filter; one time using 0.22 um
Millipore filter). The obtained solution was
further treated by centrifugation at 14,000 rpm
for 15 min to collect the supernate, and then the
supernate was further dialyzed for two days to
remove all kinds of inorganic ions for further
characterization and use. The product yield of
N-CNs is ~38.2% and the concentration of N-CNs
solution is ~63.7 mg mL-.

2.2 Synthesis of Fe/FexOs@Fe-N-C composites

In a typical synthesis, 10 mL of 63.7 mg mL~
N-CNs and 10 mL of 40 mg mL-" FeCls solution
were first mixed and then shocked with a speed
of 200 rpm at 25 °C for 6 h in a shaking table.
Subsequently, the above mixture was dried at
60 °C for overnight, and then pyrolytically
treated at different pyrolysis temperatures
(800 °C, 900 °C, 1000 °C and 1100 °C) in N2
atmosphere for 1 h. To remove the impurities,
the pyrolytic products at different temperatures
were immersed in 0.5 M H2SOs solution at 80 °C
for 9 h under vigorously stirring, followed by
filtration and washing with ethanol and
deionized water. Finally, the acid-leaching
products with different pyrolysis temperatures
were again pyrolytically treated at the same
temperatures as the aforementioned procedure at
Nz atmosphere for 3 h to obtain Fe/Fe:Os
nanoparticles anchored on Fe-N-doped carbon
nanosheet composites (Fe/Fe2Os@Fe-N-C-X, X
represents pyrolysis temperature of 800 °C,
900 °C, 1000 °C and 1100 °C).

2.3 Characterization

The crystalline structures of samples were
identified by X-ray diffraction analysis (XRD,
Philips X’pert PRO) wusing Nifiltered
monochromatic Cu Ka radiation (AKal =
1.5418 A) at 40 kV and 40 mA. The
morphology and structure of samples were
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characterized by field emission scanning
electron microscopy (FESEM, Quanta 200FEG)
and transmission electron microscopy (TEM,
JEOL 2010) with an energy dispersive X-ray
spectrometer (EDS Oxford, Link ISIS). X-ray
photoelectron spectroscopy (XPS) analysis
was performed on an ESCALAB 250 X-ray
photoelectron spectrometer (Thermo,
America) equipped with Al Kal, 2
monochromatized radiation at 1486.6 eV
X-ray source. The surface area and porosity of
samples were measured by a Surface Area
and Porosity Analyzer (Tristar3020M). Raman
patterns of the samples were measured in an
Ar ion laser operating at 632 nm on a
LabRAM HR800 confocal microscope Raman
system (Horiba Jobin Yvon). The
thermogravimetric analysis of samples was
performed on a Thermogravimetric Analyzer
(SDT Q600 V20.9 Build 20, TA Instrument Inc.,

USA).
2.4 Electrochemical measurements

All ORR and OER tests were carried out on an
electrochemical station (CHI 660E, CH
Instrument, Inc., shanghai, China) combined with
a PINE rotating disk electrode (RDE) system
(Pine Instruments Co. Ltd. USA). A glassy
carbon (GC) electrode (5.0 mm in diameter)
served as the substrate of electrocatalyst was
used as working electrode. Ag/AgCl and Pt wire
were used as reference and counter electrodes,
respectively. A conventional three-electrode
electrochemical cell with a flowing gas system
was applied for electrochemical measurements.

Prior to use, GC electrode was first polished
with 5.0, 3.0 and 0.05 pum alumina slurry
sequentially and then washed ultrasonically in
water and ethanol for 30 s, respectively. The
cleaned electrode was then dried with a
high-purify nitrogen steam. The
Fe/Fe:Os@Fe-N-C catalyst ink was prepared by
dispersing catalyst powder (10 mg) into a
mixture including 100 uL of Nafion solution (0.5
wt.%) and 900 pL of ethanol, followed by
ultrasonic treatment for 2 min. After that, 12 pL

of catalyst ink was then cast onto GC electrode
surface. For comparison, commercial E-TEK Pt/C
(20 wt.%) and RuO: (Aldrich) catalyst inks were
also made as the same procedure as
Fe/FexOs@Fe-N-C catalyst ink.

The ORR performance of Fe/FexOs@Fe-N-C
electrocatalyst was measured by cyclic
voltammogram (CV) in N2- and Oz-saturated 0.1
M KOH solution and linear sweep
voltammogram (LSV) in Oz-saturated 0.1 M KOH
solution. The CVs was tested from 0.2 V to -0.8 V
with a scan rate of 50 mV s' and LSVs was
measured from 0.2 V to -0.8 V at a scan rate of 10
mV st with different disk rotation rates of 400,
625, 900, 1225, 1600 and 2025 rpm, respectively.
The ORR performance of Fe/FexOs@Fe-N-C
electrocatalyst was also evaluated in N2 and
Oz-saturated 0.1 M HCIOs solution. The OER
performance of Fe/Fe:0s@Fe-N-C electrocatalyst
was performed in an O:z-saturated 0.1 M KOH
solution at a scan rate of 5.0 mV s! under a
rotation speed of 1600 rpm. The electron transfer
number (1) per oxygen molecule in an ORR
process was calculated by the Koutecky-Levich
(K-L) equation [28, 29]:

J =+ (Be?) 1)
B = 0.62nF(Dy)*3v=1/%(C, (2)
J = nFKC, (3)

where | is the measured current density
during ORR, Ji is the kinetic current density,
w is the electrode rotating angular velocity
(w = 2nN,N is the linear rotation speed), B
is the slope of K-L plots, n represents the
electron transfer number per oxygen
molecule, F is the Faraday constant
( F=96485Cmol™!), D, is the diffusion
coefficient of O2 in 0.1 M KOH (19X
10°cm?s™ ), v is the kinetic viscosity
(0.01 cm? s71), C,is the bulk concentration of
02 (1.2 x 1073 mol L™!). The ORR performance
of catalysts was also evaluated in O: (or
N2)-saturated 0.1 M HCIOs solution with
other test conditions kept the same. In 0.1 M
HCIO:4 solution, the
coefficient Dy is 2.0 X 107> cm? s™!, and the

diffusion
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bulk concentration of Oz ( () is 1.5X
1073 mol L™1.

The measurements of rechargeable
zinc-air  batteries were performed on
home-built electrochemical cells [4]. All data
were collected from the as-fabricated cell with
a CHI 760D (CH Instruments, Inc., Shanghai,
China) electrochemical workstation at room
temperature. Briefly, zinc foil was used as
anode and catalyst loaded on the gas
diffusion layer (Teflon-coated carbon fiber
paper with a geometric area of 1.0 cm?
catalyst loading amount of 2.0 mg cm2?) was
used as the air cathode. The electrolyte was
6.0 M KOH or 6.0 M KOH + 0.2 M zinc
acetate.

3 Results and discussion

Our previous work has demonstrated that
shrimp-shell derived carbon nanodots (N-CNs)
possess small nanodot sizes of 1.5~5.0 nm and
rich surface O- and N-containing functional
groups (e.g., O-H, N-H, C-N, C=0/C=N) [27].
These benefits enable N-CNs as carbon and
nitrogen sources to fabricate non-precious metal
contained N-doped carbon materials for
electrocatalysis applications. Scheme 1 shows a
schematic fabrication process of Fe/Fe2Os@Fe-N-C
composites by a pyrolysis approach at different
temperatures. Figure 1A shows the XRD patterns
of Fe/Fe:Os@Fe-N-C composites at different
pyrolysis temperatures. As shown, all pyrolytic
samples exhibit inter-plane (002) diffraction

peaks at around 24.7°, attributed to graphitic
carbon [30]. Additionally, the diffraction peaks of
metallic Fe and Fe20s can be also clearly observed
in XRD patterns for all samples. Moreover, the
intensities of diffraction peaks of Fe20s obviously
enhance with increasing pyrolysis temperature,
indicating high pyrolysis temperature favourable
for the formation of Fe20Os. The oxygen element in
Fe20s is believed to be mainly originated from the
surface O-containing functional groups of N-CNs
during high temperature pyrolysis [27]. Figure 1B
shows the surface SEM image of pyrolytic sample
(take Fe/Fex0s@Fe-N-C-1000 as an example).
After pyrolysis treatment, Fe/Fe:Os@Fe-N-C-1000
displays the morphology of aggregates. Further
TEM analysis (Figure 1C) reveals that
Fe/FexOs@Fe-N-C-1000 is mainly composed of
graphitic carbon nanosheets with uniformly
distributed Fe-related nanoparticles with sizes of
10-50 nm. The HRTEM image (Figure 1D) of an
individual Fe-related nanoparticle shows the
lattice spacings of 0.20 nm and 0.25 nm, which
are ascribed to the (011) and (311) planes of
metallic Fe and y-Fe:0s, respectively. Obviously,
the nanoparticle exhibits a structure of Fe/Fe20s
co-existence. The energy-filtered TEM (EFTEM)
imaging confirms the presence of C, O and Fe
elements in  Fe/FexOs@Fe-N-C-1000  with
homogeneously  distributed characteristics
(Figure S1 in the ESM). In this work, no N
element was detected using EFTEM analysis
possibly owing to low N doping content in
Fe/FexOs@Fe-N-C-1000, however, N element may
be detected by high resolution XPS technique.

Drying
Ly —————> i

Fe/Fe,0,@Fe-N-C

Scheme 1 A schematic illustration of the fabrication process of Fe/Fe,0;@Fe-N-C composites.

Fe**  pe3++ N-CNs
0,

=
<
<
m
]
-
3
<
]

RESS

fg’j TSINGHUA &) Springer | www.editoriaimanager.com/nare/default.asp



INano Res.

A [eFe20: 011 __Fe/Fez0:@Fe-N-C-800
*Fe (002) F — FelFe20:@Fe-N-C-900
—— FelFe:0:@Fe-N-C-1000]
—_ 31 — FelFez03@Fe-N-C-1100)
5
_‘i 5:1 440
3‘ 220 @ 0
‘B s oF
=
&
£
20 40 60 80
20 (degree)
C 5 ; :
E

Figure 1 (A) XRD patterns of Fe/Fe,0;@Fe-N-C composites obtained at different pyrolysis temperatures. (B) Surface SEM image
of Fe/Fe,0;@Fe-N-C-1000. (C) TEM image of Fe/Fe,O;@Fe-N-C-1000. (D) High resolution TEM image of an individual
Fe/Fe, 05 particle; the insets of high resolution TEM images of Fe and Fe,O;. (E) TEM image of an individual carbon nanosheet
without Fe/Fe,O; particles. (F) EFTEM element mapping images of C, O and Fe of Fe/Fe,O;@Fe-N-C-1000 obtained from Figure

1E.

Interestingly, it is found that the area of carbon
nanosheet without Fe/Fe:Os nanoparticles also
exhibits the presence of C, O and Fe elements,
implying Fe doping in graphitic carbon structure
(Figure 1E, F). Energy dispersive X-ray
diffraction spectroscopy (EDS) indicates that Fe
doping content is ~0.13 at.% in graphitic carbon
nanosheet (Figure S2A in the ESM). Figure 52B, C
(in the ESM) show the TG/DSC curves of Fe3*
contained N-CNs sample conducted in air and N2
atmospheres from room temperature to 1000 °C.
As shown in air atmosphere (Figure S2B in the
ESM), two weight losses were observed from
room temperature to 1000 °C owing to the
evaporation of water physically adsorbed on the
sample (weight loss of 43 wt% at the

temperature range of room temperature to 150 °C)
and the decomposition of N-doped carbon
nanodots to form CO: (weight loss of 74.8 wt.%
from 368 °C to 608 °C). Finally, a stable status
was achieved from 608 °C to 1000 °C due to the
formation of stable iron oxide (e.g., FesOs, 20.9
wt.%). In N2 atmosphere, the TG/DSC curves of
sample are very different with those obtained in
air. As shown in Figure S2C (in the ESM), three
weight losses were observed from room
temperature to 1000 °C ascribed to the
evaporation of physically adsorbed water (weight
loss of 10.3 wt.% from room temperature to
150 °C), the semi-carbonization of N-CNs (weight
loss of 0.95 wt.% from 150 °C to 346 °C), and the
transformation of graphitic carbon (weight loss of

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research




17.1 wt.% from 504 °C to 1000 °C). The weight
percentage of the formed Fe/Fe:Os@graphitic
carbon is about 71.7 wt.%. In N2 atmosphere, the
TG curve of sample is still decreased from 504 °C
to 1000 °C, possibly attributed to graphitic carbon
loss resulting from the presence of remnant
oxygen to form carbon oxide with temperature.

Further, XPS technique was employed to
analyze  the  element  composition  of
Fe/FexOs@Fe-N-C-1000. The surface survey XPS
spectra show the presence of C (89.8%), N (3.1%),
O (6.8%) and Fe (0.3%) elements in sample
(Figure 2A). The high resolution N 1s XPS
spectrum (Figure 2B) can be divided into two
peaks at 398.6 eV and 401.2 eV, corresponding to
pyridinic-N (18.5%) and graphitic-N (81.5%),
implying high pyrolysis temperature favourable
for the transformation of pyrrolic-N into
graphitic-N [4, 25, 30, 31]. Many studies have
addressed that pyridinic-N and graphitic-N in
carbon structure are very beneficial N doping
forms to «create catalytic active sites for
electrocatalysis [4, 25, 30, 31]. In addition, some
studies have indicated that the peak at a binding
energy of 398.6 eV may include a contribution
from nitrogen bound to iron (Fe-N) due to a very
small difference between binding energies of
pyridinic-N and Fe-N [4, 32]. The high resolution
C 1s spectrum (Figure 2C) can be divided into
four peaks at around 284.7 eV, 285.1 eV, 286.2 eV
and 289.7 eV, assigned to C-C, C-N, C-O and
C=0/C=N, respectively [4, 25, 27]. The above
results further confirm N doping and surface O-
and N-containing functional groups in
Fe/Fe203@Fe-N-C-1000. Figure 2D shows high
resolution Fe 2p XPS spectrum. As shown, the Fe
2p spectrum can be deconvoluted into three
peaks, and the bonding energies at around 711.1
eV and 7253 eV can be due to the binding
energies of the 2ps2 and 2pi2 bands of Fe¥,
respectively,  originated from FexOs in
Fe/FexOs@Fe-N-C-1000 [4, 15, 33]. The bonding
energy at 718.5 eV can be ascribed to a satellite
peak [4, 15]. Additionally, the peak at 711.1 eV in
the Fe 2ps2 XPS spectrum also indicates that Fe

ions may coordinate to N to form Fe-N bonding
[4, 34]. The above results combined with electron
microscopy analysis confirm the formation of
Fe/Fex0Os co-existed nanoparticles anchored on
Fe-N-doped carbon nanosheets. Figure 2E shows
the Raman spectra of Fe/Fex0s@Fe-N-C
composites obtained at different pyrolysis
temperatures. As shown, all samples exhibit two
conspicuous diffraction peaks at near 1580 cm! of
the G band and 1352 cm?! of the D band,
corresponding to the E2g vibration of the
sp>-bonded carbon atoms and the disordered
graphitic carbon [35]. The Ip/Ic values shown in
Figure 2E are 099, 098, 096 and 1.03 for
Fe/Fe2Os@Fe-N-C-800, Fe/Fe:03@Fe-N-C-900,
Fe/Fe20s@Fe-N-C-1000 and
Fe/FexOs@Fe-N-C-1100, respectively, indicating
that disordered carbon first decreases with
pyrolysis temperature, then increases at higher
pyrolysis temperature of 1100 °C. With
increasing pyrolysis temperature, the decrease in
disordered carbon implies an increase of
graphitization degree of carbon structure,
favourable  for  electron  transfer  for
electrocatalysis, while too high pyrolysis
temperature (e.g., 1100 °C) may arouse the
structural damage of graphitic carbon, resulting
in an increase of disordered carbon possibly
unfavorable for electron transfer. In this work,
Fe/Fe:03@Fe-N-C-1000 shows the lowest In/Ic
value among all samples investigated, indicating
a high graphitization degree beneficial for
electrocatalysis application. Figure 2F shows the
N2 adsorption and desorption isotherm of
Fe/Fe:0s@Fe-N-C-1000. It can be seen that
Fe/Fe203@Fe-N-C-1000 possesses an approximate
mesoporous structure with pore size distribution
centered at ~1.95 nm and ~3.4 nm (Figure 2F and
inset). The surface area and total pore volume are
measured to be 747.3 m? g! and 0.026 cm?® g7,
which are favourable for the exposure of catalytic
active sites and ORR/OER-related mass transport,
thus improving electrocatalytic performance [4,
15]. Also, the surface areas and total pore
volumes are 640.7 m? g and 0.020 cm?® g, 689.4
m? g and 0.023 cm?® g, and 791.1 m? g and 0.086

@} TSINGHU 1‘\3 @ Springer | www.editorialmanager.com/nare/default.asp

UNIVERSITY PRES:



INano Res. |

A c B Graphitic-N N 1s
] 401.2
5 =
8 z Pyridinic-N
> - 398.6
0 ]
7] e
€ Fe N 8
- =
=%
1000 750 500 250 0 410 405 400 395
Binding energy (eV) Binding energy (eV)
C cg, ci D "o, 2 Fo2
- o Fe, 2p,, Satellite |
3 s 725.3
8 ©
2 f
£ :

206 202 288 284 280 740 730 720 710 700
Binding energy (eV) Binding energy (eV)
E F_ 220
D & = —+— Desorption
o —»— Adsorption i
‘;‘ IM.= 1‘03}/\ Fe/Fe:Ds@Fe-N-C-1100 E et ._P*._._H,,..,.,..p..u...a-vr"
s = | &2 g
- b Pl = L
2| 1=0.98 FelFe:0s@Fe-N-C-1000] 28 Eon
B ——— O Do0s
(=] % 50.03
.g I/l,=0.98 Fe/Fe:0s@Fe-N-C-900 : 180+ & o
-_ £ S 002
=088 S~ \ FelFe:0s@FeN-C-800| = s 38 L 1
= 160 Pore size {nm}
500 1000 1500 2000 2500 3000 0.0 0. 2

0.4 0. G
Raman shift (cm™) Relative pressure (P,'P }

Figure 2 (A) XPS survey spectra of Fe/Fe,O;@Fe-N-C-1000. (B) High resolution N 1s XPS spectrum of Fe/Fe,0;@Fe-N-C-1000.
(C) High resolution Cls XPS spectrum of Fe/Fe,O;@Fe-N-C-1000. (D) High resolution Fe 2p XPS spectrum of
Fe/Fe,0;@Fe-N-C-1000. (E) Raman spectra of Fe/Fe,O;@Fe-N-C composites. (F) Nitrogen adsorption-desorption isotherm of
Fe/Fe,0;@Fe-N-C-1000.

cm? gl for Fe/FexOs@Fe-N-C-800, efficiency electron transport in electrocatalysis
Fe/Fe:03@Fe-N-C-900, and Fe/Fe2Os@Fe-N-C-1100, application.

respectively, exhibiting approximate mesoporous As electrocatalysts, the fabricated
structures (Figure S3 and Table S1 in the ESM). Fe/Fe:0:@Fe-N-C  composites ~ obtained  at
With increasing pyrolysis temperature, the different pyrolysis temperatures were evaluated
increase of surface area and total pore volume of for ORR and OER applications. First, we
sample can be achieved, favourable for performed ORR measurements using
improving electrocatalytic performance. Fe/Fe20s@Fe-N-C composites as electrocatalysts.
However, too high pyrolysis temperature (e.g., The cyclic voltammogram (CV) measurements
for Fe/Fe:0s@Fe-N-C-1100) may result in the (Figure 3A) indicated that no cathodic reduction
structural damage and the increase of disordered current peaks were observed for all
carbon of material, unfavorable for high Fe/FexOs@Fe-N-C catalysts and commercial Pt/C

catalyst in Nz-saturated 0.1 M KOH solution.
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Figure 3 (A) CV curves of all Fe/Fe,0;@Fe-N-C electrocatalysts and Pt/C catalyst in N,- or O,-saturated 0.1 M KOH solution at a

scan rate of 50 mV s

! (B) LSV curves of all Fe/Fe,0;@Fe-N-C electrocatalysts, Pt/C, RuO, and N-CNs-1000 at a scan rate of 10

mV s with a rotation speed of 1600 rpm. (C) LSV plots of Fe/Fe,0;@Fe-N-C-1000 in O,-saturated 0.1 M KOH solution at a scan

rate of 10 mV s

with different rotation speeds. (D) K-L plots of Fe/Fe,0;@Fe-N-C-1000 obtained from Figure 3C at different

potentials. (E) Electron transfer number (n) of Fe/Fe,O;@Fe-N-C-1000 calculated from Figure 3D. (F) Tafel plots of all

Fe/Fe,0;@Fe-N-C, Pt/C and N-CNs-1000 electrocatalysts.

However, the cathodic reduction current peaks
were found to be -0.228 V, -0.219 V, -0.210 V,
-0.242 V, and -0.208 V in Oz-saturated 0.1 M KOH
solution for Fe/FexOs@Fe-N-C-800,
Fe/Fex03@Fe-N-C-900, Fe/Fe20:@Fe-N-C-1000,

Fe/Fe2Os@Fe-N-C-1100 and Pt/C  catalysts,
respectively. Apparently, Fe/Fe:0s@Fe-N-C-1000
possesses very close cathodic reduction peak
(-0.210 V) to that (-0.208 V) of
commercial Pt/C, indicating high ORR catalytic

potential

activity. Figure 3B shows the linear sweep
voltammogram (LSV) curves of Fe/FexOs@Fe-N-C

@ TSINGHUA
UNIVERSITY PRES.

catalysts in an Oz-saturated 0.1 M KOH solution
rate of 1600
comparison, commercial Pt/C, RuO:2 and N-CNs

under a rotation rpm. For
without FeCls precursor pyrolytically converted
carbon material obtained at 1000 °C (N-CNs-1000)
were also used as electrocatalysts for ORR
evaluation. As shown in Figure 3B, commercial
RuO:2 exhibits very poor ORR performance with
an onset potential of -0.32 V, whereas the onset
potentials are -0.08 V, -0.06 V, -0.04 V, -0.07 V,
-0.07 V and -0.09 V for Fe/FexOs@Fe-N-C-800,

Fe/Fe2Os@Fe-N-C-900, Fe/Fe:03@Fe-N-C-1000,
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Fe/FexOs@Fe-N-C-1100, Pt/C and N-CNs-1000,
respectively. Obviously, the
Fe/Fe:0s@Fe-N-C-1000 shows smaller onset
potential value than that of commercial Pt/C,
indicating its highly intrinsic ORR catalytic
activity.  Further, the obtained half-wave
potentials are -0.21 V, -0.19 V, -0.17 V, -0.19 V,
-0.18 V and -0.22 V for Fe/FexOs@Fe-N-C-800,
Fe/Fe:203@Fe-N-C-900, Fe/Fe2Os@Fe-N-C-1000,
Fe/Fe:03@Fe-N-C-1100, Pt/C and N-CNs-1000,
respectively. An approximate half-wave potential
value of Fe/Fe2Os@Fe-N-C-1000 and commercial
Pt/C further verifies high ORR catalytic activity
of  Fe/Fe:0Os@Fe-N-C-1000.  Compared  to
N-CNs-1000, Fe species incorporating in carbon
structure apparently enhances the intrinsic ORR
activity of catalyst. Moreover, a suitable pyrolysis
temperature is critically important to obtain
electrocatalyst with highly intrinsic ORR catalytic
activity possibly owing to the formation of active
species with apt content and type to create more
catalytic active sites at such temperature. It can be
also seen from Figure 3B, the
Fe/FexOs@Fe-N-C-1000 exhibits larger limiting
current density from -0.3 V to -0.8 V than that of
other catalysts investigated, indicating its highly
kinetic catalytic property of ORR. The superior
ORR catalytic performance of
Fe/Fe2Os@Fe-N-C-1000 may be due to a
synergistic effect of Fe/Fe2Os nanoparticles and Fe,
N doping in graphitic carbon structure
combining with material’s structure properties
(e.g., high surface area and porous structure) to
create more catalytic active sites and efficiently
utilize these catalytic active sites [2, 4, 21, 22, 25,
28, 39]. With increasing pyrolysis temperature,
the surface area/pore volume and graphitization
degree (Figure 2E, F and Figure S3 in the ESM) of
Fe/Fe:Os@Fe-N-C samples increase, favourable
for the exposure of catalytic active sites, mass
transport and electron transfer, thus improving
ORR performance. However, too high pyrolysis
temperature (e.g., 1100 °C) easily causes the
increase of disordered carbon in graphitic carbon
(Figure 2E) of the sample, which is
disadvantageous for electron transfer in

electrocatalysis ~ application,  resulting in
decreased ORR performance. Figure 3C shows
the LSV responses of Fe/Fe:0s@Fe-N-C-1000
obtained from an O:-saturated 0.1 M KOH
solution under different rotation rates. The
cathodic current obviously enhances with
increasing rotation rate, suggesting a mass
transfer controlled process [36]. Further, the
Koutecky-Levich (K-L) plots for
Fe/FexOs@Fe-N-C-1000 derived from Figure 3C
show good linear relationships, implying
first-order reaction kinetics with regard to the
concentration of dissolved oxygen and similar
transferred electron numbers at different
potentials (Figure 3D). The transferred electron
numbers (1) are calculated to be from 3.85 to 4.0
at the potential range of -06 V to -03 V,
suggesting a four-electron ORR process of
Fe/FexOs@Fe-N-C-1000 (Figure 3E). Figure 3F
shows the Tafel plots of different catalysts,
exhibiting Tafel slopes of 107.1, 93.5, 74.8, 73.5,
71.4 and 93.4 mV dec?! for Fe/Fe:Os@Fe-N-C-800,
Fe/FexOs@Fe-N-C-900, Fe/Fe:03@Fe-N-C-1000,
Fe/FexOs@Fe-N-C-1100, Pt/C and N-CNs-1000,
respectively. Apparently, the
Fe/Fex0Os@Fe-N-C-1000 possesses very close Tafel
slope value to that of commercial Pt/C, further
demonstrating its superior kinetic process of
ORR [37]. The stability tests in Oz-saturated 0.1 M
KOH solution demonstrate that
Fe/Fex0Os@Fe-N-C-1000  possesses very good
durability with only 6.23% decrease in current
density after 20,000 s of continuous run at a
rotation rate of 1600 rpm, while Pt/C catalyst
exhibits near 19% decrease in current density
under the same experimental conditions (Figure
S4A in the ESM). The crossover effect of small
fuel molecule (e.q., methanol) on catalyst
performance was also investigated in this work.
The measurements of catalyst tolerance to
methanol (Figure S4B in the ESM) demonstrate
that Fe/Fe203@Fe-N-C-1000 exhibits high stability
when 3.0 M methanol introduced into 0.1 M KOH
solution, while commercial Pt/C shows a sharply
decreased current under the same experimental
conditions. = The above results indicate
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Figure 4 (A) LSV plots of Fe/Fe,0; @Fe-N-C-1000 and commercial Pt/C catalysts in O,-saturated 0.1 M HCIOj, solution at the scan
with a rotation speed of 1600 rpm. (B) LSV plots of Fe/Fe,0;@Fe-N-C-1000 in O,-saturated 0.1 M HCIO,
solution at the scan rate of 10 mV s™' with different rotation speeds. (C) K-L plots of Fe/Fe,0;@Fe-N-C-1000 obtained from Figure
4B at different potentials and electron transfer number (n) of Fe/Fe,O;@Fe-N-C-1000 calculated from Figure 4C (inset). (D)
Durability tests of Fe/Fe,O;@Fe-N-C-1000 and commercial Pt/C catalysts at an applied potential of 0.20 V with a rotation speed of

Fe/FexOs@Fe-N-C-1000 possessing high resistance
to methanol crossover effect.

In this work, the ORR activity
Fe/FexOs@Fe-N-C-1000 was also evaluated in
acidic media. Figure 4A shows the LSV curves of
Fe/Fe:0s@Fe-N-C-1000 and commercial Pt/C
catalysts in an Oz-saturated 0.1 M HCIOs solution
under a rotation rate of 1600 rpm. As shown, the
onset potential of Fe/Fe20s@Fe-N-C-1000 is 0.52 V,
close to that (0.58 V) of commercial Pt/C,
indicating a good ORR catalytic activity of
Fe/Fex0Os@Fe-N-C-1000 in acidic media. The K-L
plots (Figure 4C) for Fe/Fe:0s@Fe-N-C-1000
derived from Figure 4B also exhibit good linear

of

relationships, suggesting a first-order reaction
toward the dissolved O:. Based on Figure 4C, the
transferred electron numbers (1) were calculated
to be 3.7~3.9 at the potential range of 0~0.20 V
(inset in Figure 4C), implying a four-electron
ORR process. The stability measurements in acid

Fe/Fe20s@Fe-N-C-1000 has a good durability with
only 6.28% decrease in current density after
20,000 s of continuous run at a rotation rate of
1600 rpm, whereas commercial Pt/C catalyst
displays near 50% decrease in current density at
the same process, indicating high stability of
Fe/Fex0s@Fe-N-C-1000 in acidic media. In a word,
the Fe/FexOs@Fe-N-C-1000 possesses high ORR
catalytic activity and durability in both alkaline
and acidic conditions, which is very important
ORR
application.

for an electrocatalyst for practical

As air cathode material, an electrocatalyst
with bifunctional ORR and OER activities is
necessary for a rechargeable Zn-air battery [1, 2].
In this work, the OER catalytic activity of
Fe/FexOs@Fe-N-C, commercial Pt/C and RuO:
catalysts was therefore evaluated in alkaline
media using a three-electrode system. Figure 5A
shows the polarization curves of all investigated
catalysts. As shown, Fe/Fe:Os@Fe-N-C-1000 in 0.1

environment  (Figure 4D) shows  that
@ TSINGHUA @ Springer | www.editorialmanager.com/nare/default.asp
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Figure 5 (A) OER activity measurements of all Fe/Fe,O;@Fe-N-C electrocatalysts, Pt/C and RuO, at a scan rate of 5.0 mV s with
arotation speed of 1600 rpm and the iR loss from the solution resistance was corrected. (B) Tafel curves of Fe/Fe,O;@Fe-N-C, Pt/C
and RuO, catalysts. (C) The difference in potential between OER current density at10 mA cm™ and ORR current density at 3.0 mA
cm’ of all Fe/Fe,0;@Fe-N-C electrocatalysts, Pt/C and RuO, calculated from Figure 5A and Figure 3B. (D) Cycling durability of
Fe/Fe,0;@Fe-N-C-1000, Pt/C and RuO, at 1.0 mA cm™ with a rotation speed of 1600 rpm in a half cell.

M KOH electrolyte exhibits much higher OER
current  density than that of  other
Fe/FexOs@Fe-N-C catalysts and Pt/C catalyst,
comparable to that of commercial RuO: catalyst,
indicating a good OER performance of
Fe/FexOs@Fe-N-C-1000. It has been accepted that
the potential required to oxidize water at the
current density of 10 mA cm? is generally utilized
to evaluate the OER activity of an electrocatalyst
[2]. As shown in Figure 5A, the potentials at the
current density of 10 mA cm? are 0.88 V, 0.84 V,
069 V, 080 V, 1.01 V and 059 V for
Fe/Fe:20s@Fe-N-C-800, Fe/Fe20:@Fe-N-C-900,
Fe/Fe:0s@Fe-N-C-1000,  Fe/FexOs@Fe-N-C-1100,
Pt/C and RuO: catalysts, respectively. In
comparison  with Fe/FexOs@Fe-N-C
catalysts and commercial Pt/C catalyst, the
Fe/Fe203@Fe-N-C-1000
potential value at a current density of 10 mA cm?,

other

demonstrates  smaller
close to that of commercial RuO2, confirming
good OER catalytic activity. Figure 5B shows the
Tafel curves of Fe/FexOs@Fe-N-C, commercial

Pt/C and RuO: catalysts. The obtained Tafel
slopes are 116.3, 93.4, 77.5, 123.4, 252.5 and 72.2
mV dec! for Fe/Fe:03@Fe-N-C-800,
Fe/FexOs@Fe-N-C-900, Fe/Fe:203@Fe-N-C-1000,
Fe/FexOs@Fe-N-C-1100, Pt/C and RuO: catalysts,
respectively. Obviously, the Tafel slope (77.5 mV
dec?) of Fe/Fe:0s@Fe-N-C-1000 is much smaller
than that of other Fe/Fe:Os@Fe-N-C and Pt/C
catalysts, comparable to that (72.2 mV dec?) of
commercial RuO: catalyst, further indicating its
high OER catalytic activity. Similar with ORR
catalytic activity discussed, the high OER
performance of Fe/FexOs@Fe-N-C-1000 may be
due to Fe/Fe2Os nanoparticles and Fe, N-doping
in graphitic carbon synergistically creating
catalytic active sites and advantageous structural
characteristics (e.g., high surface area, porous
structure and high graphitization degree)
efficiently utilizing these catalytic active sites [2, 4,
21, 22, 25, 28, 39]. In a word, the above results
that Fe/Fe:0Os@Fe-N-C-1000

possesses bifunctional catalytic activities toward

demonstrate
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both ORR and OER, enabling it as air cathode
material for rechargeable Zn-air battery
application. To further evaluate the bifunctional
ORR and OER activities, the difference in
potential (AE) between ORR current density at 3.0
mA cm? and OER current density at 10 mA cm?
is adopted to reflect the bifunctionality of
Fe/FexOs@Fe-N-C-1000 [2, 38]. The obtained AE
values (Figure 5C) are 1.18 V, 1.04 V, 0.87 V, 1.01 V,
1.22 V and 121 V for Fe/Fe:Os@Fe-N-C-800,
Fe/Fe:03@Fe-N-C-900, Fe/Fe2Os@Fe-N-C-1000,
Fe/FexOs@Fe-N-C-1100, RuO:z and Pt/C catalysts,
respectively. It has been widely accepted that a
low AE value of an electrocatalyst indicates its
high bifunctional catalytic activities toward both
ORR and OER [2, 38]. By comparison, the

Fe/FexOs@Fe-N-C-1000 exhibits the smallest AE

which
application

experimental conditions, is critically

important for a practical in

rechargeable Zn-air battery.

Recently, Fe-based N-doped carobn materials
with ORR activity or both ORR and OER activities
have demonstrated great potential as air cathode
materials for primary and rechargeable Zn-air
batteries [2-4, 23]. In this work, the primary and
rechargeable Zn-air batteries were also measured
using  Fe/Fe:03@Fe-N-C-1000 cathode
material. For a meaningful comparison, a mixture

as air
of commercial Pt/C and RuO: with a mass ratio of
1:1 was used as air cathode material for Zn-air
battery measurements. As shown in Figure 6A, the
open circuit voltages of Zn-air batteries are 1.47 V
and 136 V for air cathode materials of
Fe/Fe203@Fe-N-C-1000 and Pt/C+RuO, respectively.

value among all catalysts investigated, Apparently, the Zn-air battery made from
confirming its highly intrinsic bifunctionality of Fe/FexOs@Fe-N-C-1000 exhibits higher open circuit
ORR ~and OER. The cycling stability voltage than that of Zn-air battery assembled with
measurements  (Figure ~ 5D)  show  that commercial Pt/C+RuQO2. At a current density of 10
Fe/Fe:Os@Fe-N-C-1000 possesses high durability mA  cm?,  the galvanostatic  discharge
in both ORR and OER processes under given
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measurements demonstrate that the performance
of Zn-air battery assembled with
Fe/Fe:0s@Fe-N-C-1000 is almost identical with
Pt/C+RuO:zbased Zn-air battery (Figure 6B). Under
given experimental conditions, the discharge
voltage can almost keep at 1.28 V for both Zn-air
batteries assembled with Fe/Fe:Os@Fe-N-C-1000
and Pt/C+RuO:. Figure 6C shows the performance
of rechargeable Zn-air batteries based on
Fe/Fe:03@Fe-N-C-1000 and Pt/C+RuQq. The results
demonstrate that in the charging process, the
charging current densities of Zn-air batteries based
on Fe/FexOs@Fe-N-C-1000 and Pt/C+RuO:2 can
achieve 81 mA cm? and 103 mA cm? at a charging
voltage of 2.2 V, respectively. Obviously, the
charging performance of Zn-air battery assembled
with Pt/C+RuO: is lightly better than that of Zn-air
battery based on Fe/Fe:0s@Fe-N-C-1000. However,
the discharging current density (218 mA cm?) of
Zn-air battery based on Fe/Fe:Os@Fe-N-C-1000 at
1.0 V is significantly higher than that (138 mA cm<)
of Zn-air battery assembled with Pt/C+RuO:at the
same voltage, indicating an excellent discharging
performance of Zn-air battery based on
Fe/FexOs@Fe-N-C-1000 owing to its superior ORR
catalytic activity. The corresponding power density
curves of Zn-air batteries assembled with
Fe/Fe:03@Fe-N-C-1000 and Pt/C+RuQ: are shown
in Figure 6D. As shown, the power density of
Zn-air battery based on Fe/Fe:0:@Fe-N-C-1000 is
still enhanced in the range of the investigated
current density, while the power density of Zn-air
battery assembled with Pt/C+RuO: achieves a
maximum value (173 mW cm2at 0.79 V) at current
density of 220 mA cm?, obviously smaller than that
(193 mW cm? at 1.0 V) of Zn-air battery based on
Fe/FexOs@Fe-N-C-1000 at the same current density.
Also, it is found that the morphology of
Fe/Fe20s@Fe-N-C-1000 has no obvious change after
five charging-discharging cycling (Figure S5 in the
ESM), indicating its high stability in alkaline
electrolyte as air cathode catalyst in rechargeable
Zn-air  battery. The above results clearly
demonstrate that Fe/Fe2Os@Fe-N-C-1000 is a
high-performance bifunctional oxygen
electrocatalyst (ORR activity responsible for

discharging process and OER activity responsible
for charging process) with great potential as air
cathode material for rechargeable Zn-air battery.
The superior ORR catalytic activity of
Fe/Fex0Os@Fe-N-C-1000 compared to commercial
Pt/C and RuO: catalysts contributes its high
discharging performance in rechargeable Zn-air
battery, while slightly lower OER catalytic activity
of Fe/Fe:0s@Fe-N-C-1000 compared to commercial
RuO: catalyst results in its decreased charging
performance in rechargeable Zn-air battery. Even
so, the Fe/Fe:0s@Fe-N-C-1000 exhibits great
application potential in rechargeable Zn-air battery
in comparison with commercial Pt/C+RuO: catalyst
owing to its low cost, source abundance, high
stability and superior functionality of ORR and
OER.

In this work, we cannot provide direct
evidences to confirm the origins of ORR and OER
catalytic activities of Fe/FexOs@Fe-N-C-1000.
However, the reported theoretical and
experimental results have verified that N doping
and Fe, N doping in carbon structures can
effectively create catalytic active sites for ORR [4, 21,
25, 28]. Moreover, recent reports also demonstrate
that Fe@FexOy core-shell nanoparticles anchored on
Fe, N doped carbon structures will not change the
ORR catalytic mechanism, but effectively promote
the ORR performance [22, 39]. Recently, the work
reported by Bao ef al. indicates that high-density
iron nanoparticles encapsulated within N-doped
carbon nanoshells possess superior bifunctional
electrocatalytic activities toward both ORR and
OER, exhibiting high performance and cycling
stability as air cathode materials for rechargeable
Zn-air batteries [2]. Based on the above discussion,
the superior bifunctional ORR and OER activities
of Fe/FexOs@Fe-N-C-1000 may be attributed to a
synergistic contribution of Fe, N doping and
Fe/FexOs nanoparticles in graphitic carbon,
promising as a candidate for rechargeable Zn-air
batteries.

4 Conclusions

In summary, Fe/Fe20s: nanoparticles anchored on

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Fe-N-doped carbon nanosheets
(Fe/Fe20s@Fe-N-C) were successfully fabricated
using shrimp-shell derived N-doped carbon
nanodots as low-cost, abundant carbon and
nitrogen sources in the presence of FeCls by a
simple pyrolysis approach. The experimental
results demonstrated that Fe/Fe:0Os@Fe-N-C-1000
possessed mesoporous structure and high surface
area, as electrocatalyst exhibiting superior
bifunctional catalytic activities toward both ORR
and OER. This provided an opportunity to use
Fe/FexOs@Fe-N-C-1000 as air cathode material for
battery. The
demonstrated that the Zn-air battery assembled
with  Fe/Fe:0s@Fe-N-C-1000 exhibited high
performance and durability. Our work would be

rechargeable  Zn-air results

valuable to design and develop low-cost and
abundant non-precious metal contained N-doped
materials as bifunctional

carbon oxygen

electrocatalysts for rechargeable Zn-air batteries.
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