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Abstract:
bon composites have been proposed in the last decade resulting in their rapid development as promising non-precious metal catalysts.
We used Ketjenblack carbon as the precursor and mixed it with a polymeric ionic liquid (PIL) of [Hvim]NO, and Fe(NO;),, which
was thermally calcined at 900 °C to produce a porous FeO,, N co-doped carbon material denoted FeO,-N/C. Because the PIL of
[Hvim]NO, strongly combines with and disperses Fe’* ions, and NO*" is thermally pyrolyzed to form the porous structure, the FeO,-
N/C catalyst has a high electrocatalytic activity for the ORR in both 0.1 mol L™ KOH and 0.5 mol L™ H,SO, electrolytes. It was used
as the catalyst to assemble a zinc-air battery, which had a peak power density of 185 mW-cm ™. Its superior electrocatalytic activity,

To replace precious metal oxygen reduction reaction (ORR) electrocatalysts, many transition metals and N-doped car-

wide pH range, and easy preparation make FeO -N/C a promising electrocatalyst for fuel cells and metal-air batteries.
Key words: Oxygen reduction reaction; lonic liquid; Porous carbon; Electrocatalysis; FeO ; N co-doping

1 Introduction

Because of the high theoretical energy density,
the fuel cell and metal-air battery (MAB) are con-
sidered as promising new power sources to cope with
the global energy crisis''. In the fuel cell and MAB,
the oxygen reduction reaction (ORR) is a crucial elec-
trochemical reaction. However, the ORR is sluggish
in kinetics and needs electrocatalysts”. Despite the
high catalytic efficiency, Pt-based catalysts have
largely prohibited the large-scale applications due to
their high price and poor durability™. Therefore, a lot
of work has been conducted to develop the non-pre-
cious metal catalysts (NPMCs) to replace the existing
Pt-based catalysts.

Among alternative NPMCs, the transition metal
loaded on nitrogen-doped carbon (TM-N/C) materials
attract intensive interest and hold the great promise to

work in the place of the Pt-based -electrocataly-
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stsi*°!. As an ideal carbon precursor, Ketjenblack car-
bon (KB) features good electronic conductivities,
large specific surface area, and good commercial
availability, which is widely investigated as the ORR
metal  and/or

catalyst by modifying with

heteroatoms'™®”!

. For instance, urea was used as N
source to prepare the N-doped KB, which was further
used to fabricate a Fe, Ag-N-KB electrocatalyst for
ORR™. The Cu-N-KB" and the Fe(or Co)-N-KB!'"
were separately obtained by introducing N, N-di-
methylformamide and ethylene diamine tetraacetic
acid into the structure of KB, both of which were de-
termined to efficiently catalyze the ORR.

In recent years, polymeric ionic liquids (PILs)
are rapidly developed as good precursors for
NPMCs!"""?l. On the one hand, heteroatoms in PILs
can spontaneously serve as the heteroatom resources.
On the other hand, the negligible volatility enables the

high doping efficiency. Therefore, various PILs are
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widely investigated to synthesize the heteroatom-
doped carbon materials with high ORR activity!"”* ",
These unique properties inspire us to utilize the PIL to
modify KB to prepare the TM-N/C catalyst for ORR.
In this work, both the PIL of [Hvim]NO, and
Fe(NO,), are used to modify the KB to yield a mix-
ture, which is then thermally calcined to prepare a Fe,
N co-doped carbon material (FeO,-N/C). As shown in
Fig. 1, the PIL of [Hvim]NO, can trap and combine
Fe* to efficiently disperse the Fe species in the car-
bon product. Meanwhile, the NO, will decompose at
high temperature to generate abundant pores. Con-
sequently, the resultant Fe, N co-doped carbon exhib-

its the promising electrocatalytic activity for ORR.

2 Experimental

2.1 Preparation of the catalyst

The IL was prepared as follows: 0.1 mol
vinylimidazole was added dropwise into 0.1 mol
HNO, (65%, mass fraction) under magnetic stirring in
a one-necked flask immersed in a water bath below
10 °C. The system was agitated for an additional hour
after the vinylimidazole addition. The water bath was
then heated to 50 °C and stirred for 4 h to achieve a
viscous liquid. The liquid was characterized with 1H
NMR (Fig. S1 in the supporting information) to con-
firm the structure. Then 0.02 mol Fe(NO,), and
2 g KB were added to the ionic liquid (dissolved in
water of 10 mL) and stirred for 2 h. The mixture was
then dried at 60 °C for 24 h and transferred to a tube
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furnace for pyrolysis at 900 °C for 1 h in a N, flow
rate of 60 mL-min"'. After cooling to room temperat-
ure, a black product was collected, grounded and de-
noted as FeO,-N/C. For comparison, a sample named
NC was prepared without adding Fe(NO;), under sim-
ilar conditions.
2.2 Catalyst characterization

The morphology of the FeO -N/C was observed
with scanning electron microscopy (SEM, Hitachi
S4800, JEM-F200) and transmission electron micro-
scopy (TEM, Hitachi H7650). Elemental distribution
of the FeO,-N/C was obtained by a high-angle annu-
lar dark-field scanning transmission electron micro-
scope (HAADF-STEM, JEOL JEM-2100F). A Brun-
auer-Emmett-Teller (BET, Quantachrome Autosorb-
1Q) analyzer was used to acquire nitrogen adsorption-
desorption isotherms at —196 °C. X-ray diffractomet-
er (XRD, Bruker D8 ADVANCE) was used to study
the crystal structure and phase composition. The sur-
face structure was measured by X-ray photoelectron
spectroscopy (XPS, ThermoFisher K-Aepna). Raman
spectroscopy (Raman, HORIBA XploRA PLUS) was
used to analyze the carbon structure of the FeO -N/C.
2.3 Electrochemical measurement

Electrochemical tests were performed with a ro-
tating disk electrode (RDE) and a rotating ring and
disc electrode (RRDE, Pine Research) in a standard
three-electrode system connected to a working station
(CHI 760E, Chenhua, Shanghai) at 25 °C with KOH

aqueous solution (0.1 mol L™"). The working elec-
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Fig. 1 Synthesized illustration of the FeO,-N/C catalyst
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trode (WE) was prepared as previously described!®.
Briefly: the prepared catalyst (working electrode
1.25 mg), Nafion (5%, 25 pL) and ethanol (225 uL)
were mixed and ultrasonicated for 30 min to achieve a
homogeneous black catalyst ink. 10 pL of this ink was
then dropped onto a glassy carbon electrode to obtain
a working electrode with a loading of 0.25 mg-cm™.
A Hg/HgO electrode and a Pt electrode were em-
ployed as the reference electrode and counter electr-
ode, respectively. All electrochemical tests were perfor-
med in an oxygen or nitrogen-saturated electrolyte, and
the measured potentials were converted to those aga-
inst the reversible hydrogen electrode (RHE): Egyp =
Eygneo T 0.93. The FeO,-N/C was also tested in the
electrolyte of 0.5 mol L™' H,SO, with the Ag/AgCl
reference electrode, and the potential was converted to
Vby Egye = 0.1976 +0.059 pH + E, 5,0 - The com-
mercial Pt/C catalyst (20%) was tested as bench mark.

To check the applicability of the catalyst, a Zn-
Air battery (ZAB, effective area: 1 cm’) was as-
sembled with the FeO-N/C as the ORR catalyst. The
assembly method was described previously!'™. Firstly,
5 mg catalyst, 350 puL of ethanol, and 50 pL Nafion
solution (5%) were mixed and sonicated for 45 min to
prepare a catalyst ink, 80 uL of which was then coated
onto a carbon sheet to obtain a cathode (catalyst load-
ing: 1 mg-cm™). A Zn sheet was used as the anode,
while a mixture solution of 6 mol L' KOH and
0.2 mol L™' Zn(CH,COO0), was applied as the electro-
lyte. After stabilized for 60 min, the assembled bat-
tery was measured for discharging behavior with a
Gamry electrochemistry station. The stability of ZAB
was tested for 2 h at 80 mA. Cycling performance was
tested on a battery testing system using Land-
CT3002A.

3 Results and discussion

In the imidazolium PILs, the cation can form N-
doped carbon (N/C), and Fe*" become FeO_. In addi-
tion, the NO; in the system decomposed at around
180 °C to generate pores. Therefore, a Fe, N co-doped

carbon material, i.e. FeO,-N/C, was finally prepared

after pyrolysis.

Fig. 2a shows a representative SEM image of the
FeO,-N/C. A particle with irregular surface can be ob-
served. Fig. 2b shows an enlarged image of the area in
Fig. 2a in the red-colored circle. Pores and cross-
linked channels, some of which displayed in green
circles can be observed. This structure would favor
the catalytic performance.

In the TEM image of the FeO -N/C (Fig. 2d),
many particles can be found to be dispersedly suppor-
ted on the carbon. The HRTEM image the particle
(Fig. 2e) clearly represents a typical core/shell struc-
ture, of which the lattice spacings of the particle and
the shell are measured as 0.15 and 0.36 nm, which are
assigned to Fe,0, (440)!""! and graphite (002)*", re-
spectively. Compared with normal particles, this car-
bon shell not only greatly enhances the electron-trans-
ferred efficiency due to the strong interaction with the
FeO, particle, but also protects the FeO, core from
B, this

particles could be expected to improve both the elec-

erosion Therefore, carbon-parceled Fe
trochemical stability and the catalytic activity of this
FeO,-N/C. In the HAADF-STEM image and corres-
ponding elemental mappings (Fig. 2f-i), the suppor-
ted FeO, particles can be clearly identified. Besides,
the homogeneous dispersion of C and N indicates the
uniformly doping of N to the carbon.

Fig. 3a shows a type IV N, adsorption-desorp-
tion isotherm for the Fe-N/C, indicating the abundant
micropore and mesopore structure™. The pore size
distribution (inset of Fig. 3a) proves that the pore size
of the Fe-N/C generally varies in the range of
1.5-8.0 nm. The micro pores (<2 nm) are important to

host the N-Fe active sites®”

, while the mesoporous
structure facilitates reactants to reach the active sites
with minor diffusion limitation®. Therefore, the well-
defined mesopores and micropores can make more
active sites accessible and favor the mass and charge
transport[zs]
BET surface area of the Fe-N/C is confirmed as
678.7 m>g ', being comparable to some reported
ORR catalysts, such as the MOF-derived Fe-N/C with
400 m’g ' ZIF-8 derived Fe-N/C with 600

800 m*-g ',

. From the N, adsorption isotherm, the
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Fig.2 (a, b) SEM images, (c) TEM, (d) HRTEM images, (¢) images of HAADF-STEM for the FeO,-N/C.
(f-h) Elemental mapping of C, Fe and N in the FeO,-N/C

The electrochemically active surface area (EC-
SA) is estimated using the double-layer capacitance
(C,) derived from various CV curves at scan rates of
1-500 mV-s”' (inset of Fig 3b)*. A nearly linear re-
lationship (Fig. 3b) can be obtained by plotting the av-
~Jeathoaic)/2) at

0.6 V vs. the scan rate, the slope of which represents

erage current density (4;) (4; = (yodic
the specific capacitance (Cy,) value (17.8 mF -cm %),
The surface area and catalyst loading of the working
electrode are 0.19625 c¢cm’ and 0.05 mg, the ECSA
could be calculated as 174.5 m*-g"', where the specif-
ic capacitance (C,) of real surface area is typically
0.4 F-m” in the alkaline electrolyte. This high ECSA
of the FeO -N/C can be expected to significantly en-
hance its electrocatalytic activity.

In the XRD pattern of the FeO-N/C (Fig. 3c),
the diffraction peak at ~25° is the (002) face of

[30]

graphite
37.8°, 39.8°, 40.5°, 42.8°, 43.8°, 44.6°, 45.8°, 49.8°,
and 51.8° suggest that the supported FeO, particles

. Besides, other strong peaks at 35.7°,

have a mix crystal composition of Fe,0,!"” and
Fe,0,"Y. The Raman spectrum of the FeO,-N/C
(Fig. 3d) includes two peaks at 1346 and 1589 cm ™',
corresponding to the bands of D and G, respectively.
D band is attributed to the disordered structure, indic-
ating that heteroatoms are successfully doped, and the
G band comes from the vibration of all sp” hybrid C
atoms. Raman result proves that the FeO,-N/C has a
defective carbon structure with the high electrocatalyt-
ic activity.

The survey XPS spectrum of the FeO-N/C is
presented in Fig. 4a. No obvious Fe signal implies the
low content of Fe (0.16%, atomic percent). As for C
structure (Fig. 4b), besides the peaks at 290.2 eV
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Fig.3 (a) N, adsorption-desorption isotherm of the FeO,-N/C, inset: the pore size distribution, (b) non-Faradic current density vs. scanning rate plot of the

FeO,-N/C, inset is its CV curves at various scan rates, (c) XRD pattern and (d) Raman spectrum of the FeO_-N/C

(9.55%) from adsorbed C—O species””, the peaks at
288.1 eV (4.18%), 286.5 eV(7.25%), 284.9 eV and
284.0 eV (57.07%) are related to the C—N*!, pyrrol-
ic carbon™!, C—0, species®”, and the graphitic car-

bon"”

. Therefore, the carbon structure of the FeO,-
N/C is mainly composed of graphitic carbon, mean-
while the N atoms are introduced into the carbon as
various states. In the XPS spectrum for N 1s (Fig. 4¢),
the peak of N can be deconvoluted into several bands:
the peaks at 406.9 and 404.1 (totally 16.9%) are attrib-
uted to the N—O/F*7. The peak at 4023 eV

(10.3%) is related to pyridinic N bonded with OF*.

The peak at 401.1 eV (24.3%), 399.7 eV (18.5%) and
398.7 eV (5.49%) come from the graphitic N, pyrrol-
ic N and pyridinic N, respectively. The graphitic-N
helps the electron transport from the carbon bands of
electronic to the O orbitals of antibonding, thus elev-
ating the catalytic activity”™”). Both the pyrrolic N and
pyridinic N are active for the ORR"®. Besides, the
peak at 397.3 eV (18.45%) should be assigned to N-
Fe nitrides*”. Therefore, the FeO,-N/C catalyst is en-
dowed with abundant ORR active sites, including Fe-
N, graphitic N, pyrrolic N and pyridinic N.

The ORR activity of the FeO,-N/C was first stud-
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Fig. 4 XPS spectra of the FeO,-N/C for (a) whole survey, (b) C I sand (c) N 1s
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ied in an electrolyte (0.1 mol L™' KOH) saturated with
N, and O,, and the CV plots are recorded in
Fig. 5a. A featureless semi square curve is displayed
after the electrolyte was purged with N,. Nevertheless,
the reduction current increases obviously at 1.0 V
after the electrolyte was purged with oxygen, indicat-
ing that the FeO,-N/C is active for the ORR.

The LSV curve of the FeO,-N/C at 1 600 r min "'
is shown in Fig. 5b, and commercial Pt/C catalyst is
measured also for comparison. The onset potential of
the FeO,-N/C is 1.05 V and equal to that of the Pt/C.
Meanwhile, the half-wave potential (£,,) of the FeO -
N/C (0.87 V) is comparable to those reported
electrocatalysts such as highly dispersed Fe-N,
(~0.83 V)", Pomegranate-like Co,O, (0.84 V)“!,
WC-Co@NC (0.87 V)™ and single-atom Co-N,
(0.8 V)11,

Although the half-wave of the FeO-N/C is
slightly lower than that of the commercial Pt/C of 0.88
V, the much lower cost of the FeO,-N/C still offers it
potential as alternative ORR catalyst. To investigate
the role of the Fe in the catalyst, the NC was prepared
and investigated as shown in Fig. 5b. The NC also

shows profound catalytic performance as displayed.

activity is much lower than that of FeO,-N/C, imply-
ing the dominating role of the Fe species in the cata-
lyst.

The LSVs at all rotational speeds (Fig. 5¢) show
that a platform diffusion-limited current is well-de-
veloped, thus the FeO -N/C performs well in the high
potential range. Moreover, the LSVs are nearly
aligned with one another, implying the first order kin-
etics for the ORR reaction toward the O, concentra-
tion. The number of transferred electrons (n) for the
ORR is estimated to vary from 3.70 to 3.85 with the
Koutecky-Levich (K-L) equation, which falls in the
range of 3.2-3.9 for the 4-electron range*!). It is con-
cluded that the ORR on the FeO -N/C is a 4e path-
way reaction, which is preferred for the application in
fuel cells.

The n was further investigated with rotating ring-
disk electrode (RRDE) technology, and the LSVs at
1600 r min " are displayed in Fig. 5d. A high disk and
low ring current density can be observed, and the disk
current reaches —4.8 mA-cm °, while the ring current
density is merely 0.04 mA-cm”, implying the low
generation of H,0,. The HO, % and n were calcu-
lated with the Equations (1) and (2).

Therefore, the N—C and Fe—N work together to of- HO=% = 200 [13/N]| 0
. . 2 0=
fer the obtained catalytic performance. However, the /N1 + 14|
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Fig. 5 (a) CV curves of the FeO,-N/C in N, and O, saturated KOH electrolytes (0.1 mol L ™). (b) LSV for the FeO,-N/C, NC, and Pt/C at 1600 r min™".
(c) LSV curves of the FeO,-N/C at various rotating rates, inset is the K-L lines. (d) RRDE LSV curves of the FeO,-N/C in O, saturated electrolytes at
1600 r min™". (¢) n and H,0, with respect to voltage. (f) i-t curves at 0.73 V for the Pt/C and FeO,-N/C
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where i, and i, are the disk and ring current, respect-

2

ively. N is 0.39 and represents the Pt ring current col-
lection efficiency. As shown in Fig. Se, n is 3.9-3.95
in the range of 0-0.9 V, further indicating that the
ORR is a 4e reaction. The E,, for the LSV from the
RRDE is 0.84 V, slightly lower than that from the
RDE. Similar results can be obtained in several other
works' !, The yield of H,0, in 0-0.9 V is less than
10%, agreeing well with the results from the RDE.
The electrochemical stability result (Fig. 5f) exhibits
that the FeO,-N/C and Pt/C catalysts maintain about
92% and 83% relative current after the continuous test
of 34000 s, indicating the better catalytic stability of
the FeO_-N/C than that of Pt/C.

Acidic proton exchange membrane fuel cells
(PEMFCs) are the promising kind of fuel cells for the
proton conducting Nafion membranes available com-
mercially. Therefore, the catalytic activity in acid
electrolyte is of high interested*®. The catalytic per-
formance of the FeO,-N/C was also investigated in
0.5 mol L' H,SO,, and the results are presented in
Fig. 6. In N, and O, saturated electrolyte, the CV
(Fig. 6a) shows an obvious reduction current increase
when the electrolyte is saturated with O, at 0.88 V,
implying the good catalytic activity of the FeO,-N/C
toward the ORR. The LSVs at all rotational speeds are
presented in Fig. 6b, exhibiting an onset potential of
0.88 V, closing to the Pt/C. Based on the K-L lines
(Fig. 6¢) obtained, the electron transfer number (#) is
calculated to be in the range of 3.63-3.94, indicating
that the ORR on the FeO,-N/C is a 4-e process in aci-
dic electrolyte of 0.5 mol L™' H,SO,. Consequently, the

FeO,-N/C obtained in the present work has the high
ORR activity in both basic and acidic electrolytes.

To investigate the practical application of the
FeO-N/C catalyst, a Zn-Air battery (ZAB) was as-
sembled and its structure is illustrated in Fig. 7a. The
ZAB is determined to hardly work in the absence of
catalyst (Fig. 7b). When the FeO,-N/C is applied, the
open circuit voltage of the ZAB is 1.5 V, and its cur-
rent density and peak power density can reach
400 mA-cm* and 190 mW-cm >, respectively. This
battery performance is higher than reported ones with
other cathode materials, such as the Fe, N-doped 3D
porous carbon (112 mW-cm )", the Pt/C+RuO, cata-
lysts (80 mW-cm )™ | and the Co, N-graphene
(50 mW-cm *)*. The ZAB can work stability for a
long time, as evidenced by the long-time stability test
shown in Fig. 7c, and 90% of the initial voltage is re-
tained after the 2-h stability test. The rate perform-
dis-

charge voltage at different current densities. As dis-

ance was investigated using constant current

played in Fig. 7d, at various current densities, the val-
ues of the discharge voltage are 1.29, 1.26, 1.23 and
1.19 V. When the current densities were as high as
50 mA cm* discharge is resumed at the end of the
discharge of 20, 10, 5 and 2 mA cm >, the discharge
voltages are basically recovered to their original val-
ues, which indicates that the catalyst possesses excel-
lent rate performance.

The excellent practical applicability of the FeO,-
N/C for the ORR in the metal-air battery system is
displayed. Although this ZAB with the FeO,-N/C is
lower than that with commercial Pt/C, the low price

still makes the FeO -N/C a promising candidate.
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Fig. 6 (a) CV curves of the FeO -N/C H,SO, electrolytes (0.5 mol L") saturated with O, or N,, (b) LSV curves of the FeO,-N/C in

0.5 mol L™ H,SO, at various rotating rates, and (c) corresponding K-L lines
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Fig. 7 (a) Diagram of the ZAB with the FeO,-N/C as cathode catalyst, and (b) its polarization and power density curves,
(c) ZAB stability and (d) rate performance

4  Conclusion

Ketjenblack carbon and the PIL of [Hvim]NO,
are adopted as precursors to successfully synthesize a
Fe, N co-doped carbon material (FeO,-N/C). In the
preparation process, the PIL of [Hvim|NO, can com-
bine and disperse the additive Fe’* ions, and NO,” was
thermally pyrolyzed to form the porous structure un-
der the high-temperature calcination. The as-obtained
FeO,-N/C exhibits the unique Fe, N co-doped carbon
structure and abundant pores, thus exposing more act-
ive sites. In both basic ( 0.1 mol L™ KOH) and acid
(0.5 mol L™ H,SO,) electrolytes, the FeO-N/C is
demonstrated to have the high electrocatalytic activ-
ity toward ORR. The onset and £, of 1.05 and 0.87 V
are obtained in KOH electrolyte, respectively. Sub-
sequently, a zinc-air battery (ZAB) is assembled us-
ing the FeO -N/C as the cathode catalyst. The ZAB
exhibits a peak power density of 185 mW-cm ~.
Therefore, the superior ORR activity and simple syn-
thesis method suggest that the FeO,-N/C catalyst can

be probably applied for the fuel cells or metal-air bat-

teries.
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