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The development of efficient and low-cost non-precious-metal electrocatalysts such as Fe—N/C for the
oxygen reduction reaction (ORR) is crucial for fuel cells and metal-air batteries. Here, we report a class
of highly efficient Fe—N/C electrocatalysts derived from versatile imidazolium-based ionic liquids (ILs)
with a halogen-coordinated iron anion. Without any supports, templates, or multi-step pyrolysis, the
as-prepared Fe—N/C catalysts exhibited superior activity in the ORR to the state-of-the-art Pt/C in
alkaline electrolytes by 44 mV in half-wave potential. More interestingly, owing to the versatile
configuration of the imidazolium-based IL precursors, a diverse range of catalyst structures was
successfully modulated. Based on this, it was clearly revealed that the electrical conductivity,
type/amount of N dopants, and “effective porosity” (not the conventional total surface area) jointly

determined the electrocatalytic activity. A pivotal radar chart is further proposed to successfully predict
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Accepted 2nd April 2016 activity in the ORR merely from the structures of Fe—N/C catalysts. The proposed ILs platform would

provide a valuable toolbox for the molecular design of precursors to tune the structures of Fe—N/C

DOI: 10.1039/c6ta00648e electrocatalysts towards excellent activity in the ORR in a highly flexible manner, and facilitate the
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Introduction

The replacement of noble metals in key technologies such as
proton exchange membrane fuel cells (PEMFCs) and metal-air
batteries is of global importance for sustainable energy.'” An
area of particular promise for non-precious-metal catalysts is
doped carbon.®® Inspired by macrocyclic cobalt phthalocya-
nines, which have well-defined nitrogen-coordinated metal ion
centers,” M-N/C catalysts (M represents, e.g., Fe, Co, and Cu)
have been commonly developed by the high-temperature
pyrolysis of mixtures of transition metals and C/N-containing
molecules.’ ™ In general, the activities in the ORR of M-N/C
catalysts obtained by conventional preparation strategies,
including the physical mixture of individual C/N/M-containing
precursors,'®"” coordination of N-containing polymers with
metal ions'™ and wet impregnation,” are significantly
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long-term challenging study of relationships between processing, structure and activity.

influenced by several factors such as the molecular structure of
precursors,”*** the extent of the dispersion/coordination of
metal ions in precursors,”»* and the diversity of interfaces
among precursors, templates and supports.>*** In this context,
the validity of investigating the structure-function relationships
of M-N/C catalysts is rendered questionable by the complexities
of these factors. Therefore, it is highly desirable to minimize the
number of variable conditions in a system in a relatively
acceptable way. In this regard, ionic liquids (ILs), which have
otherwise been recognized simply as green solvents, may have
the potential to address this challenge via the free combination
of task-specific anions and cations.>®*” Very recently, several
pioneering works revealed that M-N/C catalysts derived from
some ILs exhibit outstanding electrocatalytic activity in the
ORR, but additional carbon supports,*®*® porous hard/soft
templates®>*' or sophisticated multiple pyrolysis steps* were
required, which still makes the research process complicated.
Here, we report that imidazolium-based ILs with a halogen-
coordinated iron anion can be developed as a class of single
precursors for the one-step pyrolysis of Fe-N/C catalysts with
excellent electrocatalytic activity in the ORR, which even
surpassed that of commercially available Pt/C in alkaline elec-
trolytes. It was observed that with respect to previous precursors
the imidazolium-based ILs were affected by fewer of the
aforementioned influences in preparing Fe-N/C catalysts
because of their uniform homogeneous distribution of Fe ions

This journal is © The Royal Society of Chemistry 2016
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on the molecular level and no requirement for any supports,
templates or multiple pyrolysis steps. Interestingly, the versatile
configurations of the imidazolium-based IL precursors could
modulate a diverse range of features of catalysts such as
porosity, surface area, graphitization, electrical conductivity,
and doping by N atoms in the as-prepared Fe-N/C catalysts. As
was successfully demonstrated, this in turn largely facilitated
the discovery of structure-activity relationships and made the
prediction of the activity in the ORR of Fe-N/C catalysts merely
from their structural features possible. The proposed ILs
platform would provide the scope to modulate the molecular
design of precursors for synthesizing a range of M-N/C catalysts
with different structures towards excellent activity in the ORR in
a highly flexible manner and facilitate the long-term
challenging study of relationships between processing,
structure and activity.

Experimental section
Chemicals

All chemicals and solvents were of analytical grade and were
purchased from Aladdin Chemistry Co., Ltd. or Sinopharm
Chemical Reagent Co., Ltd. and used without further purifica-
tion. Ultrapure water (18.2 MQ cm) was obtained from
a Thermal Smart2 water purification system (USA).

Preparation of ionic liquid precursors

Detailed synthetic procedures of MIm + Fe and each IL (IL-1, IL-
2, IL-3, IL-3/, and IL-4) are listed as follows. The general
approach used for the preparation of ionic liquid precursors is
shown in Scheme 1.

Synthesis of MIm + Fe

N-Methylimidazole (8.21 g, 100 mmol), anhydrous FeCl; (16.2 g,
100 mmol) and dry EtOH (100 mL) were mixed in a round-
bottom flask and stirred at RT under a N, atmosphere for 8 h.
After that, EtOH was removed via rotary evaporation.
The product was dried for 10 h at 80 °C under vacuum to yield
MIm + Fe.

Ny R-Br \N&:/R FeCly \N&t/k
\—/ THF \—/ EtOH \—/
Br- FeBrCl;
HO+, +
\N,&,N + FeCl SN SR
mole ratio(1:1) FeBrCl;~ FeBrCl;
Mim+Fe IL-1 IL-2
+
/©/\:4\N/ /©/\N4\N/
NC FeBrcl;~ Ne Br
IL-3 IL-3’

Scheme 1 General synthetic steps and chemical structures of imida-
zolium-based ionic liquid precursors (IL-1, IL-2, IL-3 and IL-3') and
a physical mixture of N-methylimidazole and ferric chloride
(MIm + Fe).
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Synthesis of IL-1

N-Methylimidazole hydrobromide was prepared by an acid-
base neutralization reaction. N-Methylimidazole (8.21 g,
100 mmol) and dry THF (50 mL) were mixed in a round-bottom
flask with magnetic stirring. After cooling to 0 °C in an ice-water
bath, an excess of hydrogen bromide, which was prepared from
phosphorus tribromide and water, was added to the reaction
mixture for 2 h. Then, THF was removed via rotary evaporation.
The crude product was rinsed with cold diethyl ether. The top
layer was decanted off and this procedure was repeated three
times. The collected oil was dried for 6 h at 80 °C under vacuum
to yield N-methylimidazole hydrobromide (15.8 g, yield: 97%).
'H NMR (DMSO-dg, 6, ppm, TMS): 3.88 (3H, CH;N-), 7.69, 7.74
and 9.18 (3H, imidazole protons), 14.21 (1H, -N'H-). Then,
N-methylimidazole hydrobromide (15.8 g, 97 mmol), anhydrous
FeCl; (15.7 g, 97 mmol) and dry EtOH (100 mL) were mixed in
a round-bottom flask and stirred at RT under a N, atmosphere
for 8 h. After that, EtOH was removed via rotary evaporation.
The crude product was rinsed with cold diethyl ether three
times. The collected dark brown oil was dried for 10 h at 80 °C
under vacuum to yield IL-1 (29.9 g, yield: 95%). Raman (cm ™ ):
221, 242 and 266 (Fe-Br), 328 (Fe—Cl).

Synthesis of IL-2

1-Butyl-3-methylimidazolium bromide was prepared by a -
quaternization reaction.*** N-Methylimidazole (8.21 g, 100
mmol), 1-bromobutane (13.7 g, 100 mmol), and dry THF
(50 mL) were mixed in a round-bottom flask and stirred with
refluxing at 80 °C under a N, atmosphere for 24 h. After cooling
to RT, THF was removed via rotary evaporation. The crude
product was rinsed with cold diethyl ether. The top layer was
decanted off and this procedure was repeated three times. The
collected oil was dried for 6 h at 80 °C under vacuum to yield 1-
butyl-3-methylimidazolium bromide (20.8 g, yield: 95%). 'H
NMR (DMSO-dg, 6, ppm, TMS): 0.89 (3H, CH;CH,CH,-), 1.25
(2H, CH;CH,CH,-), 1.76 (2H, CH;CH,CH,-), 3.87 (3H, CH3N-),
4.19 (2H, -CH,CH,N-), 7.76, 7.83 and 9.29 (3H, imidazole
protons). Then, 1-butyl-3-methylimidazolium bromide (20.8 g,
95 mmol), anhydrous FeCl; (15.4 g, 95 mmol) and dry EtOH
(100 mL) were mixed in a round-bottom flask and stirred at RT
under a N, atmosphere for 8 h. After that, EtOH was removed
via rotary evaporation. The crude product was rinsed with cold
diethyl ether. The collected dark brown oil was dried for 10 h at
80 °C under vacuum to yield IL-2 (34.4 g, yield: 95%). Raman
(em™"): 221, 242 and 266 (Fe-Br), 328 (Fe—Cl).

Synthesis of IL-3

1-(4-Cyanobenzyl)-3-methylimidazolium bromide (IL-3') was
prepared by a quaternization reaction.**** N-Methylimidazole
(8.21 g, 100 mmol), 4-cyanobenzyl bromide (19.6 g, 100 mmol),
and dry THF (50 mL) were mixed in a round-bottom flask and
stirred with refluxing at 80 °C under a N, atmosphere for 24 h.
After cooling to RT, THF was removed via rotary evaporation.
The crude product was rinsed with cold diethyl ether. The top
layer was decanted off and this procedure was repeated three
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times. The collected solid was dried for 6 h at 80 °C under
vacuum to yield 1-(4-cyanobenzyl)-3-methylimidazolium
bromide (26.4 g, yield: 95%). "H NMR (DMSO-d,, 6, ppm, TMS):
3.87 (3H, CH;N-), 5.58 (2H, CNCgH,CH,N-), 7.60, 7.62, 7.92
and 7.94 (4H, benzene ring protons), 7.77, 7.84 and 9.32
(3H, imidazole protons). Then, 1-(4-cyanobenzyl)-3-methyl-
imidazolium bromide (26.4 g, 95 mmol), anhydrous FeCls
(15.4 g, 95 mmol) and dry EtOH (100 mL) were mixed in
a round-bottom flask and stirred at RT under a N, atmosphere
for 8 h. After that, EtOH was removed via rotary evaporation.
The crude product was rinsed with cold diethyl ether. The
collected solid was dried for 10 h at 80 °C under vacuum to yield
IL-3 (39.7 g, yield: 95%). Raman (cm '): 221, 242 and 266
(Fe-Br), 328 (Fe-Cl).

Synthesis of IL-4

1-Benzyl-3-methylimidazolium bromide was prepared by a qua-
ternization reaction.**** N-Methylimidazole (8.21 g, 100 mmol),
benzyl bromide (17.1 g, 100 mmol), and dry THF (50 mL) were
mixed in a round-bottom flask and stirred with refluxing at 80 °C
under a N, atmosphere for 24 h. After cooling to RT, THF was
removed via rotary evaporation. The crude product was rinsed
with cold diethyl ether. The top layer was decanted off and this
procedure was repeated three times. The collected oil was dried
for 6 h at 80 °C under vacuum to yield 1-benzyl-3-methyl-
imidazolium bromide (24.0 g, yield: 95%). "H NMR (DMSO-d, 6,
ppm, TMS): 3.86 (3H, CH;N-), 5.44 (2H, C¢H;CH,N-), 7.35-7.45
(5H, benzene ring protons), 7.72, 7.81 and 9.31 (3H, imidazole
protons). Then, 1-benzyl-3-methylimidazolium bromide (24.0 g,
95 mmol), anhydrous FeCl; (15.4 g, 95 mmol) and dry EtOH
(100 mL) were mixed in a round-bottom flask and stirred at RT
under a N, atmosphere for 8 h. After that, EtOH was removed via
rotary evaporation. The crude product was rinsed with cold
diethyl ether. The collected dark brown oil was dried for 10 h at
80 °C under vacuum to yield IL-4 (36.6 g, yield: 93%). Raman
(em™1): 221, 242 and 266 (Fe-Br), 328 (Fe—Cl).

Preparation of catalysts

Doped carbon catalysts were prepared by heating the respective
precursors in a furnace at 600 °C, 700 °C, 750 °C and 800 °C for 1 h
in a nitrogen atmosphere at a ramp rate of 10 °C min~". There-
after, the obtained samples were ground to a powder, transferred
to a round-bottom flask, ultrasonically dispersed in 25 mL of
37 wt% HCIl, and stirred at RT overnight to remove excess iron
species. Then, the doped carbonaceous part was isolated by
centrifugation, washed with water and dried in vacuum at 80 °C
overnight. The respective linear sweep voltammetry (LSV) curves
showed that the catalyst calcined at 750 °C exhibited the best
activity in the ORR (Fig. S9, see ESIT). Acid treatment resulted in an
increase in activity in the ORR accompanied by a decrease in Fe
content such as in IL-3-C (Fig. S11 and Table S1, see ESIt). After
acid treatment, the total Fe content in all catalysts was estimated to
range from 0.23 wt% to 0.68 wt% by XPS (Table S1, see ESIT),
which was sufficient for an effective catalytic ORR.** Therefore, the
influence of the concentration of Fe species on the ORR was not
comprehensively studied in this work.
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Electrochemical measurements

The evaluation of the activity in the ORR of various electro-
catalysts and commercially available Pt/C (HiSPEC™ 3000,
20 wt% Pt on carbon black, Johnson Matthey) was performed in
a standard three-electrode glass cell on a CHI700E workstation
(CH Instruments, USA). A rotating disk glassy carbon electrode
modified by an electrocatalyst was used as the working
electrode. Pt wire and Ag/AgCl (saturated KCl) were used as the
counter and reference electrodes, respectively. The procedure of
modification of the working electrode was as follows: 10 pL of
a suspension of an electrocatalyst in ethanol (2 mg mL ") was
cast on the pre-polished surface of a rotating glassy carbon
electrode (3 mm diameter) or a rotating ring-disk electrode
(4 mm diameter), resulting in a catalyst loading of 283 ug cm >,
The electrode was allowed to dry at RT and heated in air at 60 °C
for 15 min. After that, 5 pL Nafion (0.05 wt%) was further cast on
the surface of the electrode. Then, the electrode was again dried
at RT and heated in air at 60 °C for 15 min.

For the ORR test, 0.1 M KOH (pH = 13), 0.1 M Na,HPO,/
NaH,PO, solution (PBS, pH = 7.4), and 0.5 M H,SO, for
alkaline, neutral and acidic conditions, respectively, were
purged with high-purity O, gas for 30 minutes and thereafter
the electrolyte was protected by a flow of O,. Activity in the ORR
was measured using linear sweep voltammetry (LSV) at the
rotating electrode (RRDE-3A, BAS, Japan). LSV was performed at
a scan rate of 10 mV s~ *. The onset potential (Eqnsec) Was defined
as the potential at which the current density reached 5% of the
diffusion-limiting current density in the cathodic scan. The
half-wave potential (E;,,) was defined as the potential at which
the current density reached 50% of the diffusion-limiting
current density in the cathodic scan.’

The kinetic limiting current density (Jx) for the ORR can be
derived from the experimental data using the Koutecky-Levich
equation for rotating disk electrodes:**

1 1 1 1 1

= = — 4 1
J JK JL JK + B(L)l/2 ( )
2 1
B= 06211FCO (D())gl/_6 (2)

JK = I’leC() (3)

in which J is the measured current density, Jx and J;, are the
kinetic and diffusion-limiting current densities, w is the angular
velocity of the rotating electrode (w = 27N, where N is the linear
speed of rotation), n is the electron transfer number in the ORR,
F is the Faraday constant (96 485 C mol™ '), C, is the concen-
tration of O,, D, is the diffusion coefficient of O,, v is the
kinematic viscosity of the electrolyte, and k is the rate constant
for electron transfer. Because the electrolyte was O,-saturated
0.1 M KOH in this report, the values of Cy, D, and » were 1.2 X
107> M, 1.9 x 10> em® s~ ', and 0.01 cm” s~ ', respectively.

To determine the yield of H,O,, the ring potential was set to
0.5 V (Ag/AgCl) to oxidize the H,O, transferred from the GC disk
electrode. The yield of H,0, and the electron transfer number
(n) were calculated by the following equations:*®

This journal is © The Royal Society of Chemistry 2016
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Ir /Ny

H,0,(%) =200 X ——~——
2 2( 0) (IR/NO)+ID

(4)

Ip

n=4x —————
(Ir/No) + Ip

(5)
where I, and Iy are the disk and ring currents, respectively, and
Ny is the ring collection efficiency. The value of N, was deter-
mined to be 0.42 in a solution of 5 mM K,Fe(CN)s + 5 mM
K3Fe(CN)e.

Characterization

NMR spectra were recorded on a Bruker Avance III 400 MHz
NMR spectrometer (Germany). Thermogravimetric analysis
(TGA) was conducted on a PerkinElmer Pyris 1 analyzer.
Scanning electron microscopy (SEM) images were recorded on
a Hitachi S-4800 electron microscope (Japan). Transmission
electron microscopy (TEM) was carried out on a FEI Tecnai G2
microscope (USA) at an accelerating voltage of 200 kV. Nitrogen
adsorption-desorption isotherms were measured at 77 K with
a Quantachrome Autosorb iQ one-station adsorption instru-
ment (USA). Samples were degassed at 300 °C for 8 h at reduced
pressure before measurement. The surface area was calculated
by the Brunauer-Emmett-Teller (BET) method. The surface
area of micropores and mesopores was calculated by the V-t
method. The pore size distributions (PSD) were calculated
based on the model of slit/cylindrical pores on carbon using the
adsorption branch of the isotherms by the QSDFT method.
Raman spectra were recorded on a Thermo DXR 532 Raman
spectrometer (USA) with a laser excitation wavelength of
532 nm. X-ray diffraction (XRD) was carried out on a Rigaku
SmartLab 3 (Japan) X-ray diffractometer equipped with
graphite-monochromated Cu Ko radiation (A = 1.54056 A).
X-ray photoelectron spectroscopy (XPS) experiments were per-
formed with a Thermo Theta Probe (USA) spectrometer using
monochromated Al Ka X-rays at hv = 1486.6 €V. Peak positions
were internally referenced to the C 1s peak at 284.6 eV.
Conductivity measurements were performed by confining
a sample between two iron discs and measuring the electrical
resistance of the sample by chronocoulometry on a Gamry
Reference 600 potentiostat (USA).

Results and discussion

In the first set of experiments, the H-substituted imidazolium-
based IL bearing a halogen-coordinated iron anion (IL-1,
Scheme 1) was directly pyrolyzed at 750 °C under a N, atmo-
sphere without any supports, templates or multiple
pyrolysis steps (see details in the Experimental section), and the
as-obtained product was denoted as IL-1-C. The cyclic
voltammetry (CV) curve of IL-1-C showed a well-defined
cathodic peak in O,-saturated 0.1 M KOH with a peak potential
that was 49 mV higher than that of commercially available Pt/C
(20 wt%), which suggests that IL-1-C has excellent electro-
catalytic activity in the ORR (Fig. S1, see ESI}). To exclude
diffusion-controlled current, hydrodynamic linear sweep
voltammetry (LSV) using a rotating disk electrode (RDE) was

This journal is © The Royal Society of Chemistry 2016
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further performed. It was observed that the onset potential
(Eonset = —11 mV) and half-wave potential (E;,, = —99 mV) of
IL-1-C were 56 mV and 44 mV higher, respectively, than those of
Pt/C (Fig. 1a), which was in agreement with the Tafel plots in the
low overpotential region (Fig. 1b). By varying the speed of
rotation (Fig. S2, see ESIT) and using the Koutecky-Levich (K-L)
equation, the kinetic limiting current density (Jx) was calculated
and found to be comparable to that of Pt/C (Fig. S3, see ESIT).
Rotating ring-disk electrode (RRDE) measurements showed that
the yields of H,0, during the ORR in the kinetic limiting region
for IL-1-C were below 5.5%. Based on the results of the RRDE
measurements and eqn (5) (see details in the Experimental
section), the calculated electron transfer number (n) for the
ORR was 3.89-4.00, which was similar to that of Pt/C (Fig. 1c).
Moreover, as indicated by the fact that the Tafel slope was
almost the same (~60 mV dec '), the transfer of the first
electron in the ORR catalyzed by IL-1-C was probably the rate-
determining step, as with Pt/C.>*® The as-prepared IL-1-C also
exhibited significant catalytic activity in the ORR in neutral and
acidic solutions, but this was poorer in comparison with the
activity in alkaline solution, which was presumably because of
the different surface charge state of N-doped carbon at different
pH values'>** (Fig. S4, see ESIT). To discover the crucial role of
well-distributed iron on the molecular level in defining the
structures of the catalysts, a physical mixture of N-methyl-
imidazole and an iron salt in a molar ratio of 1: 1 (MIm + Fe,
Scheme 1) was also prepared as a control. In sharp contrast, the
values of Eypset, E1/2,Jx and the electron transfer number of MIm
+ Fe-C (obtained by carbonization of MIm + Fe) were inferior to
those of IL-1-C (Fig. 1a), which evidently revealed the
importance of a homogeneous distribution of iron ions in the

a) 04 —Mim+Fe-C b)
—IL1C 0.004
——20% PHC =
— _ (&) 22
g 24 AE,;=30mv 2 -0.051 R22gp;51MVidec
15} > >
< <
£ 5 0104
—_ - >
2
w 0151 @ Mim+Fe-C

Q IL-1-C
Q@ 20% Pt/IC

-59mVidec Ry

08 06 04 02 00 04

1 10
-2
E (V vs. Ag/AgCl) |J, (mA cm”)|
) d)100{——
4 —_
X 80
< —IL1-C
34 e 209
5 60 . ‘ 20% PUC
E o0 2000 4000 6000
c
2] s t(s)
2100
I —
B —Mim+Fe-C & 80/
——IL-1-C —IL-1-C
20% PYC 60 MeOH  —20% Ptic
04 02 0.0 0 200 400 600
E (V vs. Ag/AgCl) t(s)

Fig. 1 Performance in the ORR of catalysts. (a) LSV curves of Mim +
Fe—C, IL-1-C and 20% Pt/C at 1600 rpm. (b) Tafel plots of MIm + Fe-C,
IL-1-C and 20% Pt/C. (c) Electron transfer number of MIm + Fe-C, IL-
1-C and 20% Pt/C based on RRDE data. (d) Current—time (/-t)
response and evaluation of the crossover effect from methanol
oxidation of IL-1-C and 20% Pt/C. RDE and RRDE data were recorded
in O,-saturated 0.1 M KOH. Sweep rate: 10 mV s~ %,
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precursors on the molecular level for the enhancement of the
electrocatalytic activities of the resulting catalysts. In addition,
IL-1-C exhibited high stability and little crossover effect from
methanol oxidation compared with Pt/C (Fig. 1d). In this regard,
one-step pyrolysis of imidazolium-based ILs bearing a halogen-
coordinated iron anion without any supports or templates could
be developed as a highly efficient way for preparing Fe-N/C
catalysts for the ORR that even surpass commercially available
Pt/C in alkaline electrolytes, thus providing a substantial
platform with minimal influencing factors for studying the
structure-activity relationships of Fe-N/C catalysts.

The most attractive characteristic of ILs is that their
properties can be easily manipulated by the free combination of
numerous cations and anions. This feature allowed us to
further investigate the general relationship between the
molecular structures of IL-based precursors, the structures of
catalysts, and the activities of catalysts, thus helping us to not
only prepare more efficient Fe-N/C catalysts for the ORR but
also to deepen our understanding of the fundamental mecha-
nism. For this, IL precursors bearing a longer flexible alkyl
chain substituent (IL-2), a more rigid cyanobenzyl substituent
(IL-3), or a counter anion without any iron content (IL-3') were
synthesized and carbonized to give the final catalysts. (The
rigidity and flexibility are from the point of view of organic
chemistry. For instance, a benzene ring is more rigid than an
alkane.) The hydrodynamic LSV curves in Fig. 2a show that their
catalytic activity in the ORR evidently varied. Detailed values
of Eonsets E1/2, Jx, and the electron transfer number of the
as-obtained catalysts for the ORR, together with typical textural
information, are summarized in Table 1.

At first glance, IL-3'-C exhibited much lower activity in the
ORR than all its counterparts, which suggests that an even
distribution of iron ions in precursors is rather helpful for
improving activity in the ORR. To obtain more insight into the
differences in catalytic activity in the ORR, the crystalline
graphitic structures of the as-prepared Fe-N/C catalysts were
first determined by X-ray diffraction (XRD). Fig. 2b shows that
all catalysts contained graphitic carbon, as confirmed by the
characteristic XRD peaks at ~26.2°, 42.6°, and 44.4°,
corresponding to the (002), (100) and (101) diffractions,*
respectively. Interestingly, the extent of graphitization
decreased (IL-1-C > IL-2-C > IL-3-C) as the rigidity of the
substituent on the imidazolium cation increased. For example,
for IL-1, which only contained a H substituent, two additional
(004) and (110) reflections, which indicated an even higher
extent of graphitization, were observed after pyrolysis and were
presumably due to a strong tendency towards graphitization for
flexible substituents (TGA curves are in Fig. S5, see ESIf).
Moreover, for MIm + Fe and IL-1, it was observed that the extent
of graphitization of the latter was higher after pyrolysis, which
implies that well-distributed iron on the molecular level also
favoured graphitization. Accordingly, the TEM/SEM images in
Fig. 3 show that IL-1-C was more characterized by a sheet-like
texture in comparison with the other Fe-N/C catalysts. The
Raman spectra also confirmed the different extent of graphiti-
zation and were highly consistent with the XRD results (Fig. S6,
see ESIt). Hence, both the flexibility of the substituent in the
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Fig. 2 ORR activity in the ORR and structural information of catalysts.
LSV curves (a), XRD patterns (b), pore size distribution curves (c) and
high-resolution N 1s XPS spectra (d) of IL-1-C, IL-2-C, IL-3-C and IL-
3’-C. N heterocyclic structures in catalysts (e). LSV was performed at
1600 rpm at a sweep rate of 10 mV st in O,-saturated 0.1 M KOH. N1,
N2, N3 and N4 represent pyridinic, pyrrolic, graphitic, and oxidized
N*-O~ nitrogen species, respectively.

cation and the even molecular distribution of iron in the anion
of the IL precursors played an important role in increasing the
extent of graphitization of the final Fe-N/C catalysts, which will
be discussed below in turn regarding the facilitation of electron
transfer in the ORR.

Because the surface area of catalysts largely determines the
number of exposed active sites,** the N, adsorption-desorption
isotherms of IL-1-C, IL-2-C, IL-3-C and IL-3'-C were investigated.
Fig. S7 (see ESIt) shows a large uptake of N, and a hysteresis
loop for all samples at a relative pressure (p/po) of ca. 0.001
and 0.48-1.0, respectively, which reveals the presence of both
micro- and mesoporosity. Their BET surface areas were as high
as 253 to 1242 m* g ', Pore size distributions were further
analyzed by the density functional theory (DFT) method using
the adsorption branch of the isotherm (Fig. 2c). For IL-1-C,
IL-2-C and IL-3-C, it was observed that both micropores and
mesopores exhibited a slight shift toward smaller sizes and the
relative content of mesopores decreased gradually when the
rigidity of the substituent on the imidazolium cation increased.
Thus, without any templates, supports or multiple pyrolysis
steps, we could regulate the porosity and surface area of Fe-N/C

This journal is © The Royal Society of Chemistry 2016
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Table 1 Summary of activity in the ORR and typical textural information for Mim + Fe-C, IL-1-C, IL-2-C, IL-3-C, and IL-3'-C

(N1 + N3)/ Relative specific
Catalyst Eonsel> MV E;p’mV iEmAem™2  n? Neowal® (at%)  resistance” SA*m?gt  MSA"m?g' MC em’g!
MIm + Fe-C —72 —173 27.4 3.74 59.0 1.10 276 207 0.65
IL-1-C —11 —99 35.1 3.96 70.3 0.92 448 82 0.16
IL-2-C —31 —131 32.8 3.94 65.6 1.04 1010 91 0.16
IL-3-C —34 —137 20.4 3.90 49.2 1.4 1242 98 0.09
IL-3'-C —212 —379 0.9 —_ 33.6 1.12 253 148 0.11

% Eonset Was defined as the potential at which the current density reached 5% of the diffusion-limiting current density. b Ey), was defined as the
potential at which the current density reached 50% of the diffusion-limiting current density. © Jx was calculated at —0.3 V by the Koutecky-
Levich (K-L) equation. ¢ The electron transfer number (n) was calculated at —0.3 V by RRDE measurements. ¢ N1, N3 and N represent
prridinic N, graphitic N, and total N, respectively. The total N content of all catalysts was estimated to the range from 2.22% to 5.01% by XPS.

The relative specific resistance of catalysts was calculated by normalizing the measured specific resistance with that of a graphite reference.
& SA: surface area. " MSA: mesopore surface area. ' MC: mesopore capacity.

Fig. 3 SEM and TEM images of MIm + Fe—C (a and e), IL-1-C (b and f),
IL-2-C (c and g) and IL-3-C (d and h). The scale bars in the SEM and
TEM images represent 1 um and 50 nm, respectively.

catalysts by manipulating the stiffness of the substituent in the
cation.

It is also important to identify the types of N that are present
to help confirm whether these N atoms can serve as active sites.
Therefore, the detailed chemical environments of the N atoms
on the surface of the catalysts were investigated using X-ray
photoelectron spectroscopy (XPS). The N 1s XPS spectra of all
samples (Fig. 2d) could generally be deconvolved into four
peaks at 398.3 eV, 400.0 eV, 401.0 eV, and 402.3 eV, which were
assigned to pyridinic (N1), pyrrolic (N2), graphitic (N3), and
oxidized N'-O~ (N4) nitrogen species®** (Fig. 2¢), respectively.
It was found that pyridinic N (36.2%) and graphitic N (34.1%)
were the major N species in IL-1-C, and pyrrolic N species only
accounted for 22.3%. However, when the H atom in the
imidazolium cation was replaced by a rigid cyanobenzyl group
(IL-3), the content of pyrrolic N species in IL-3-C greatly
increased to 47.9%, which was more than double that of IL-1-C.
It was suggested that the more rigid substituent in the imida-
zolium cation led to fewer pyridinic N and graphitic N species.
In addition, fewer pyridinic and graphitic N species
(total 59.0%) were observed in MIm + Fe-C than in IL-1-C
(70.3%), which evidently confirmed that well-distributed iron
on the molecular level had a positive effect in increasing the
content of pyridinic and graphitic N species during pyrolysis.
Thus, different types of N species were produced selectively by

This journal is © The Royal Society of Chemistry 2016

changing the substituent in the cation and the distribution of
iron in the anion of ILs.

In spite of extensive studies, the detailed contributions of
the extent of graphitization, surface area/microstructure,
type/amount of N dopants, and Fe species in doped carbon to its
catalytic activity in the ORR are still controversial.>*****> This
was presumably due to the complexity of previous research
processes, which often involved multiple interfaces between
precursors, supports and templates and sophisticated pyrolysis
steps such as secondary high-temperature annealing,***
resulting in a lack of sufficient consistency for a fair compar-
ison. As has been shown, in our study the proposed preparation
of Fe-N/C catalysts almost entirely relied on the facile manip-
ulation of the molecular structures of IL precursors, which
made the system simple. This advantage is supposedly ascribed
to the unique molecular structure of the imidazolium-based IL
precursors: (1) the imidazolium core group acted as the major
feedstock of C and N;j (2) the substituent on the imidazolium
ring largely determined the porosity and influenced the type of
N dopant; and (3) a homogeneous distribution of Fe ion on the
molecular level via cation-anion interactions would promote
C-C and C-N bonding in a honeycomb manner. Moreover,
a series of Fe-N/C catalysts with tunable structures and activi-
ties could also be obtained by the appropriate selection of the
substituent and the distribution of Fe ions in imidazolium-
based ILs. Both of these two features are much preferred for
studies of the correlation between the structures and activities
of the catalysts as follows.

Electrical conductivity is a vital parameter for determining
the feasibility of electron transfer across interfaces between the
substrate electrode, electrocatalyst, and oxygen in the ORR. In
general, a large extent of graphitization corresponds to high
conductivity. Moreover, the doping of electron-rich active N
species, which generates a donor state above the Fermi energy
level*® and increases the electron density,*® also favors fast
electron transfer in a catalytic ORR. For this reason, the specific
electrical resistances of the as-prepared Fe-N/C catalysts were
close to or even superior to that of graphite. It was observed that
as the value of Ig/I;, in the Raman spectra and the contents of
pyridinic and graphitic N increased, the conductivity increased
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Fig. 4 Structure-activity relationships of catalysts. (a) Conductivity of
catalysts versus Ig/lp and N1/N3 content. (b) Relationship between the
conductivity of catalysts and Jk. (c) Jkx and Eyj» of catalysts plotted
against N1/N3 content. (d) Relationship between the effective porosity
and Jy. (e) Proposed radar plot showing the dependence of activity in
the ORR on conductivity, N1/N3 content, and effective porosity. 1, 2, 3
and 4 represent IL-1-C, IL-2-C, IL-3-C and IL-4-C, respectively. (f) LSV
curves of IL-2-C and IL-4-C at 1600 rpm at a sweep rate of 10 mV s~*
in O,-saturated 0.1 M KOH. Jk was calculated at —0.3 V.

(Fig. 4a). For instance, IL-1-C, which had the highest content of
pyridinic and graphitic N and value of I5/I, in this study, exhibited
the highest electrical conductivity. Accordingly, the values of Jx of
the as-prepared catalysts in the kinetic limiting regions increased
approximately with the electrical conductivity (Fig. 4b). The type
and amount of N dopants, which are further key factors for high
catalytic activity in the ORR, were supposed to influence the values
of E;, and Jy, respectively. It was found that pyridinic N (N1) and
graphitic N (N3) were more active in the catalytic reduction of
oxygen, and a higher content of them generally corresponded to
a higher value of Ji, as shown in Fig. 4c.

The performance of Fe-N/C catalysts was also largely
dependent on their surface area and pore structure, which
determined the amount of accessible active sites and the mass
transport properties of species relevant to the ORR (H/OH ™, O,,
and H,0).* However, activity in the ORR was not simply
dependent on the total BET surface area, most of which
consisted of micropores. It was suggested that mesopores of
larger size would be more preferred for the migration of species
relevant to the ORR, as well as higher electrochemical and
chemical accessibility of catalytic active sites. Thus, the
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mesopore surface area (MSA) and mesopore capacity (MC)
jointly affected activity in the ORR. In this sense, a single
quantitative criterion that encompassed both of these textural
factors was roughly proposed by multiplying MSA by MC and
defined as “effective porosity” to correlate the performance in
the ORR of Fe-N/C catalysts. It was noted that IL-1-C and IL-2-C,
which had a high “effective porosity” (Table 1), displayed high
values of Ji (Fig. 4d). In contrast, IL-3-C, despite possessing the
largest total BET surface area in this study and a high mesopore
surface area, exhibited a low value of Ji, which could be ascribed
to its low mesopore capacity.

Nevertheless, it should be noted that the catalytic activity in
the ORR of the as-synthesized Fe-N/C catalysts was jointly
influenced by their electrical conductivity, type/amount of N
dopants, and “effective porosity”, but not by one of these
factors alone. For instance, compared with IL-1-C, although
MIm + Fe-C had a high “effective porosity”, it exhibited a low
value of Jx. This phenomenon was attributed to the uneven
dispersion of iron in the precursor MIm + Fe, which led to
the agglomeration of iron species and loss of active N species
(N1 + N3) during pyrolysis (Table 1). In this respect, a radar
chart, which consisted of normalized electrical conductivity,
type/amount of N dopants, and “effective porosity”, is proposed
in Fig. 4e. It was generally revealed that catalysts that lay on the
outer line exhibited superior catalytic activity in the ORR.

To confirm the correspondence between the electrical
conductivity, type/amount of N dopants, and “effective porosity”
for the performance in the ORR of Fe-N/C catalysts, the precursor
IL-4 with a benzyl substituent, of which the rigidity was greater
than that of IL-2, was prepared. Structural characterization of the
carbonized product (IL-4-C) demonstrated a normalized content
of pyridinic and graphitic N of 0.74, an electrical conductivity of
0.77, and an “effective porosity” of 0.26, all of which were less
than those of IL-2-C (Fig. 4e). According to a preliminary
inspection of the proposed radar chart, we could predict that the
catalytic activity of IL-4-C would be inferior to that of IL-2-C.
Interestingly, an electrochemical study showed that the activity in
the ORR of IL-4-C (Fig. 4f), including the values of Jx and E;,
(Fig. 4c), was inferior to that of IL-2-C, which was in agreement
with the proposed correspondence between the structural
features and the performance in the ORR of Fe-N/C catalysts.
Moreover, it is highly foreseeable that by the further modulation
of Fe-N/C catalyst structures via the facile combination of an
unlimited range of cations/anions in IL-based precursors, and
evaluation of the corresponding activities, the reliability of the
correlations between the structure and activity of catalysts, which
was demonstrated by using the radar plot, would be improved.
Thus, by using an IL platform, the proposed radar chart (Fig. 4e)
provides a feasible way of predicting the activity in the ORR of
Fe-N/C catalysts merely from their textural features, which would
greatly facilitate the design and preparation of highly active
catalysts for the ORR.

Conclusion

In summary, highly efficient Fe-N/C electrocatalysts were
successfully developed from versatile imidazolium-based ILs

This journal is © The Royal Society of Chemistry 2016
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with halogen-coordinated iron anions. Owing to the unique
molecular structure of the IL precursors, no supports, templates
or multi-step pyrolysis were required for the preparation of the
catalysts. Moreover, by taking advantage of the free combina-
tion of cations and anions in the IL precursors, a diverse
range of Fe-N/C catalysts with tunable electrical conductivity,
type/amount of N dopants, and “effective porosity” (mesopore
surface area and mesopore capacity, instead of total surface
area) were obtained. Based on this, it was revealed that the
electrocatalytic activity depended jointly on all of these textural
characteristics. Accordingly, a radar chart was also further
proposed to provide a feasible way of predicting the activity in
the ORR of Fe-N/C catalysts merely from their structural
features. The proposed strategy for the preparation of Fe-N/C
catalysts would not only be promising in the development of
high-performance catalysts for practical applications of the
ORR, but also offer a novel platform for studying the relation-
ships between processing, structure and activity.
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