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ABSTRACT

A nanocomposite of a-Fe2O3/alkalinized C3N4 (a-Fe2O3/A-C3N4) electrocatalyst

for oxygen reduction reaction (ORR) was synthesized by a simple in situ elec-

trostatic adsorption of A-C3N4 and iron-based ionic liquid [Omim]FeCl4 com-

plexation reaction using sonication treatment followed by pyrolysis process. The

as-prepared a-Fe2O3/A-C3N4 nanocomposite can act as a superior electrocata-

lyst for ORR in terms of excellent ORR activity with onset potential of 0.82 V vs.

reversible hydrogen electrodes (RHE), current density of 5.2 mA cm-2 and

outstanding methanol resistance. This cost-effective starting materials and

simple preparation method paves the way to large-scale fabrication of low-cost

and highly active noble metal-free electrocatalyst and promotes their practical

applications in electrochemical power conversion and storage system.
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GRAPHICAL ABSTRACT

Introduction

The demand for clean energy is growing at a high

speed in recent years owning to limited fossil fuel

and environmental pollution [1]. Seeking for a high-

efficiency, low cost and environmental friendly

energy conversion technology is the most critical and

urgent challenge [2, 3]. Oxygen reduction reaction

(ORR) is the key factor in both fuel cells and metal-air

batteries. However, the ORR progress exhibits the

slow kinetics and high over-potential, which controls

the efficiency of the energy devices [4]. To date, the

outstanding catalysts for ORR are still based on the

precious metal platinum (Pt) and its alloys. For

example, Du et al. found that PtCo@NC deriving

from Co-based zeolitic imidazolate framework

material (ZIF-67) can highly catalyze ORR in both

acid and alkaline electrolyte and exhibited highly

stability after 10000 cycles [5]. It has also been

reported recently that Pt skin coated Ag-Pt

nanoparticles shows ultrahigh catalytic activity for

ORR [6]. However, the high costs and scarcity of

noble platinum as well as its easily suffering poi-

soning effects are big obstacles, which hinders its

widely application [7]. Therefore, developing noble

metal-free catalysts with low-cost and comparable

high activity is still full of challenge.

Meanwhile, the earth-abundant non-noble metal

oxides (MO), such as Co3O4 [8], Mn3O4 [9] etc. have

been extensively investigated on electrocatalysis.

Among the as-reported metal oxides ORR catalysts,

a-Fe2O3 has been regarded as an ideal alternative to

replace the use of Pt because of its high-efficiency,

low-cost and eco-friendly characteristics [10]. How-

ever, the intrinsic properties including poor electrical

conductivity, less active site density and the disso-

lution or agglomeration during electrochemical pro-

cesses of these metal oxides-based catalysts limited

their practical application [11–13]. Two-dimensional

(2D) carbon nitride (C3N4) can be used as substrate to

afford metal oxide nanoparticles homogeneously

dispersing, thus being used for promising electro-

catalyst composites [14]. In addition, the high nitro-

gen doping amount of C3N4 makes it as a promising

electrode material for energy storage [15]. However,

the literature about ORR performance of C3N4 was

found to be very sparse due to its low conductivity

[16]. To overcome this shortcoming, many articles

reported that introducing conductive carbon materi-

als or catalysts loaded on other conductive substrate

can enhance their electrocatalytic activity [17].

Herein, a-Fe2O3 nanoparticles with uniform-size

were successfully loaded on 2D A-C3N4 nanosheets

through sonication and pyrolysis treatment to afford

a novel a-Fe2O3/A-C3N4 nanocomposites. Amounts

of hydroxyl on the surface of A-C3N4 after alkalin-

ization facilitates the uniform electrostatic adsorption

of iron ion in ionic liquid [Omim]FeCl4 via com-

plexation reaction, which contributes to uniform
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dispersion of a-Fe2O3 nanoparticles on the A-C3N4

nanosheets. The as-prepared a-Fe2O3/A-C3N4

nanocomposite exhibited excellent ORR activity.

Furthermore, acetylene black (AB) as the conductive

carbon material additive was introduced to improve

the conductivity. Then, the ORR activity of a-Fe2O3/

A-C3N4 loading onto AB was investigated through

CV, LSV and i-t tests in 0.1 M N2/O2 atmosphere

saturated KOH aqueous. The a-Fe2O3/A-C3N4 com-

posites loading onto AB showed excellent ORR

activity with onset potential of 0.82 V vs. RHE, cur-

rent density of 5.2 mA cm-2 and outstanding

methanol resistance.

Experimental section

Materials

Anhydrous ferric chloride hexahydrate and potas-

sium hydroxide were directly used without any fur-

ther modification. 1-Butyl-3-methylimidazolium

chloride ([Omim]Cl) was purchased from Shanghai

Cheng Jie Chemical Co. LTD.

Preparation of [Omim]FeCl4

Equimolar amounts of [Omim]Cl and FeCl3�6H2O

were added into a 100 mL round bottom flask, and

then refluxed at 100 �C for 6 h. The product was

subsequently filtered and dried in an oven to get a

homogeneous brown liquid. The final dark brown

liquid was remarked as [Omim]FeCl4.

Preparation of A-C3N4

C3N4 was originated from directly annealing urea in

a tube furnace with a certain flow of N2. Specifically,

3 g urea powder was set into alumina crucible with

cover and calcined at 350 �C for 2 h. The temperature

was subsequently raised to 600 �C and retained for

another 2 h. After cooling down to ambient condi-

tion, the light-yellow C3N4 was collected. Secondly,

0.2 g previously obtained C3N4 powder was leached

in a certain concentration of KOH aqueous for 12 h

under vigorous stirring. The alkalinized C3N4 pro-

duct was isolated by filtering and repeatedly washed

to neutral with distilled water and absolute ethanol

separately, dried and sealed for use. And the alka-

linized C3N4 was denoted as A-C3N4.

Preparation of the hematite a-Fe2O3/A-C3N4

Firstly, a certain amount of [Omim]FeCl4 (fixed as

0.2 g, 0.5 g, 0.8 g) was added into 1.5 mL ultrapure

water and then quantitative A-C3N4, and the formed

homogeneous solution was ultrasonicated for 6 h to

make the iron-based ion liquid absorbed on the sur-

face of A-C3N4. Finally, put the mixture of iron-based

ion liquid and A-C3N4 into a muffle furnace with a

heating rate of 2 8C/min to reach T 8C (T was

adjusted according to 250, 300, 350 8C) and main-

tained for 2 h. When cooled down sufficiently, the

black product was collected after washed and dried,

the final product was denoted as X a-Fe2O3/A-C3N4-

T.

ORR performance

All the ORR measurements were carried out using

CHI 760E workstation in a typical three-electrode

system. Specifically, Ag/AgCl electrode with internal

solution of 3 M KCl was used reference electrode.

Platinum wire was used as counter electrode.

Meanwhile, the as-prepared catalysts a-Fe2O3/A-

C3N4 modified glass carbon electrode (GC) was used

as indicator electrode. The indicator electrode was

prepared as follows: dispersing 4 mg catalyst into

1 mL mixture of water, isopropanol and Nafion (10

wt%) solution with volume ratio of 150/50/3 to form

a 4 mg mL-1 homogeneous suspension. Then, a 10 lL
suspension was carefully dropped onto GC electrode

with diameter of 3 mm, and the loading amount was

calculated about 40 lg. The indicator electrode was

dried naturally under ambient conditions for further

tests. Before being modified, the GC electrode was

polished using alumina slurry to remove the inactive

residual, followed by ultrasound in ethanol for sev-

eral seconds. The CV and LSV tests were conducted

in 0.1 M KOH solution with potential range from 0.17

to 1.17 V vs. RHE.

Results and discussion

XRD spectra analysis

Structural characteristics and phase compositions of

all as-prepared a-Fe2O3/A-C3N4 composites were

analyzed by X-ray diffraction (XRD, XRD-6100 Lab,

shimadzu, Japan). As shown by Fig. 1A, the typical
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peak at * 27.3 8 was the diffraction peak of A-C3N4,

which was indexed to (002) crystal surface [18]. The

other detective peaks appeared at 24.2�, 33.1�, 35.6�,
40.8�, 49.5�, 54.0�, 57.6�, 62.5�, 64.0�, 72.1�, and 75.6�
were completely consistent with JCPDS NO. 33-0664

of hematite a-Fe2O3 [19]. Meanwhile, the typical peak

of A-C3N4 had a slight shift due to the enlarged inter-

layer spacing. Furthermore, the XRD spectra of the

products annealed at 300 8C with different ionic liq-

uid content were shown in Fig. 1B. It also showed

ambiguous characteristic peaks of hematite a-Fe2O3

due to low calcination temperature.

XPS spectra analysis

X-ray photon spectrum (XPS) has been widely used

to identify the element species and valence states of

as-prepared a-Fe2O3/A-C3N4 composites due to its

high accuracy. The 0.5 a-Fe2O3/A-C3N4-300 catalyst

was characterized by XPS analysis (ESCALAB MK II,

VG Scientific, England) as shown in Fig. 2. Four sig-

nificant peaks of C, N, O and Fe were detected in

Fig. 2A. Furthermore, its high-resolution spectra are

shown in Fig. 2B-E. In detail, XPS of Fe species

showed two strong peaks at nearly 725.0 eV and

711.3 eV (Fig. 2B), which were assigned to Fe 2p1/2

and Fe 2p3/2, demonstrating the valence state of iron

was ? 3 [20]. In addition, the O 1 s high resolution

spectrum in Fig. 2C showed dominant oxide peaks at

around 531.4 eV, consistent with the O2- state. The C

1 s high resolution spectrum in Fig. 2D showed that

C–C (284.7 eV), C-N (286.2 eV) and C-O (287.9 eV)

bonds existed in the A-C3N4 of 0.5 a-Fe2O3/A-C3N4-

300. Similarly, N 1 s showed two typical peaks at

398.6 and 400.9 eV (Fig. 2E), which were consistent

with pyridinic and graphitic-like N, respectively [21].

Both the two high resolution of N 1 s and C 1 s

characterized the presence of carbon nitride [22].

Therefore, XPS characterization results absolutely

demonstrated that the a-Fe2O3/A-C3N4 has been

successfully prepared through ultrasound-pyrolysis

fabrication.

Fourier transform infrared spectra (FT-IR, Nicolet

Nexus 470, Thermo Nicolet Corporation, America)

have been widely used to identify the functional

groups of a-Fe2O3/A-C3N4. Figure 3 shows the FT-IR

spectra of pure A-C3N4 and a-Fe2O3/A-C3N4. In the

case of pure A-C3N4, the strong bands in the

1200–1600 cm-1 region are found in the spectra,

which correspond to the typical stretching vibration

modes of C = N and C-N heterocycles [23]. Addi-

tionally, the characteristic breathing mode of triazine

units at 810 cm-1 are observed. In the FT-IR spectra

of a-Fe2O3/A-C3N4, it can also be clearly seen that the

main characteristic peaks of A-C3N4 appear in all a-
Fe2O3/A-C3N4. It strongly indicates the a-Fe2O3/A-

C3N4 has been successful synthesized, which is con-

sistent with XPS analysis.

Surface and interior morphology analysis

The surface morphology structure of alkalized gra-

phitic carbon nitride (A-C3N4) and 0.5 a-Fe2O3/A-

C3N4-300 composites were observed by Transmission

electron microscope (TEM, JEOL-JEM-2010, Japan).

As shown in Fig. 4a and b, A-C3N4 was composed of

nanosheets with rugged folds. After introducing Fe-

based ionic liquid, the original A-C3N4 nanosheets

were stacked into a-Fe2O3/A-C3N4 nanocomposites

(Fig. 4c and d). The a-Fe2O3 nanoparticles are uni-

formly distributed on A-C3N4 nanosheets.
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(b)Figure 1 A XRD patterns of

A-C3N4 (a) and 0.5 a-Fe2O3/

A-C3N4-T with different

temperature (b: T = 250; c:

T = 300; d: T = 350); B XRD

patterns of X a-Fe2O3/A-

C3N4-300 with different ionic

liquid content (a: X = 0.2; b:

X = 0.5; c: X = 0.8).
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ORR performance evaluation

High nitrogen content and porous structure of cata-

lyst for ORR was confirmed to be very significant.

The LSV was adopted to assess the ORR performance

of a-Fe2O3/A-C3N4 nanocomposite. To explore whe-

ther the nanocomposite of a-Fe2O3/A-C3N4 can cat-

alyze oxygen reduction or not, the LSV was

conducted under O2 saturated alkaline electrode. As

shown in Fig. 5a, the a-Fe2O3/A-C3N4 exhibited a

much more positive onset potential than A-C3N4.

That is to say, the a-Fe2O3/A-C3N4 exhibited ORR

activity due to the unique hybrid structure of a-Fe2O3

and A-C3N4. Meanwhile, a-Fe2O3/A-C3N4 in 300 �C

of calcination temperature displays obviously higher

activity than other a-Fe2O3/A-C3N4. With increase of

the calcination temperature, the A-C3N4 can be

decomposed, resulting in a significant decrease of

catalytic activity. The LSV of a-Fe2O3/A-C3N4 with

different contents of ionic liquid is shown in Fig. 5b.

The data showed that the a-Fe2O3/A-C3N4 with 0.5 g

of ionic liquid displayed obviously higher activity

than other a-Fe2O3/A-C3N4. Thus, the a-Fe2O3/A-

C3N4 obtained by calcined with 0.5 g of ionic liquid at

300 �C exhibited the best ORR activity. Moreover, the

ORR performance evaluation parameters of a-Fe2O3/

A-C3N4 catalyst, such as onset potential and current

Figure 4 TEM pictures of

A-C3N4 (a, b) and 0.5 a-
Fe2O3/ A-C3N4-300 (c, d).

(a) (b)Figure 5 a LSV results of a-
Fe2O3/A-C3N4 composites by

calcined in different

temperature (250, 300, and

350 �C); b LSV results of a-
Fe2O3/A-C3N4 composites by

calcined with different

contents of ionic liquid (0.2,

0.5, and 0.8 g).
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density, have been compared with similar catalysts

that have been reported and are listed in Table 1.

This series of catalysts possessed limited ORR

activity due to their semiconductor property of a-
Fe2O3/A-C3N4. The acetylene black was introduced

to alleviate the problem. And the LSV was conducted

to assess the ORR activity of 0.5 a-Fe2O3/A-C3N4-300

in the presence of AB (Fig. 6). Figure 6a shows that

the measured current density (J) is enhanced with the

increase of rotation rate (x), with well-defined dif-

fusion-limiting current plateau. Koutecky–Levich

plots reveal well linearity between J-1 and x-1/2 from

0.487 to 0.237 V vs. RHE (Fig. 6a).

All electrochemical performance indicated that

introducing conductive carbon of AB can improve its

ORR activity. In addition, to verify the reaction pro-

cess during oxygen reduction, Rotating ring disk

electrode (RRDE, RRDE-3A, Hailan Jiasheng Tech-

nology Co., Ltd., Beijing) test was recorded in Fig. 7a,

and the corresponding H2O2 yield, and electron

transfer number n were calculated about 20% and 3.7

respectively. And the calculation is as follows:

HO�
2 ð%Þ ¼ 200 � Iring=N

Idisk þ Iring=N
. . .n ¼ 4 � Idisk

Idisk þ Iring=N

This result indicated that the ORR was dominated

by quasi-four-electron process. Meanwhile, its sta-

bility of methanol tolerance and acceleration degra-

dation test was conducted under O2 saturated

electrolyte. As can be seen from Fig. 7c, the i-t curve

was almost kept unchanged after injecting a certain

methanol. When applying potential to i-t test, the

retention current can be maintained above 86% after

10000 s. The results illustrate that the catalyst shows

good catalytic stability.

Conclusion

In summary, we synthesized the a-Fe2O3/A-C3N4

nanocomposite through sonication and pyrolysis

with iron-based ionic liquid [Omim]FeCl4. In-situ

adsorbed iron elements of [Omim]FeCl4 on the sur-

face of alkalinized A-C3N4 via electrostatic interac-

tion can result in uniform dispersion of a-Fe2O3 on

the surface of A-C3N4. Efficient combination of a-
Fe2O3 nanoparticles and A-C3N4 nanosheets can

Table 1 Comparison of a-Fe2O3/A-C3N4 with similar catalysts that have been reported for ORR activity

Catalysts Onset potential Current density (mA cm-2) Testing Conditions Ref.

a-Fe2O3/A-C3N4 0.82 V vs. RHE 5.2 0.1 M KOH This work

a-Fe2O3@N–C 0.80 V vs. RHE 5.67 0.1 M KOH [19]

a-Fe2O3@C -0.241 V vs. Hg/HgO – 0.5 M KOH [24]

a-Fe2O3/CNTs - 0.15 V vs. Ag/AgCl - 3.89 0.1 M KOH [25]

a-Fe2O3/N-CNTs - 0.16 V vs. Ag/AgCl - 3.1 0.1 M KOH [26]

a-Fe2O3/GO - 0.1 V vs. Hg/HgO - 3.6 0.1 M KOH [27]

(a) (b)Figure 6 a LSV with O2 at a

scan rate of 10 mV.s-1 of 0.5

a-Fe2O3/A-C3N4-300 under

0.1 M KOH aqueous; b The

corresponding Koutecky–

Levich plot of J-1 versus x-1/

2 from 0.487 to 0.237 V vs.

RHE.
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enhance electrocatalytic ORR properties. Introducing

AB can improve its intrinsic conductivity facilitating

the electrocatalytic performance-enhancing. These

electrochemical investigations evidently indicated the

positive effects of a-Fe2O3/A-C3N4 catalyst on the

catalytic ORR activity via the four-electron ORR

process. a-Fe2O3/A-C3N4 nanocomposite, in which

both a-Fe2O3 and A-C3N4 are easily prepared from

low-cost raw materials, could be a potential candi-

date to replace noble metal platinum in energy con-

version and storage system.
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