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A B S T R A C T   

The fabrication of low-cost, highly efficient, and earth-abundant electrocatalysts for oxygen reduction reaction is 
critical to produce clean and sustainable fuel through an electrochemical process. Herein, a facile hydrothermal 
technique is used for the synthesis of iron sulfide/graphene hybrid for oxygen reduction reaction. Morphological 
analysis of the resulting catalyst reveals that iron sulfide nanoparticles are homogeneously embedded on the 
surface of reduced graphene oxide sheet. Electrochemical analysis of the hybrid exhibits remarkably improved 
catalytic performance for oxygen reduction reaction while achieving half wave potential of þ0.845 V and onset 
potential of þ1.0 V (versus reversible hydrogen electrode), along with outstanding long-term stability under 
alkaline conditions. In addition, the methanol tolerance ability and stability of the hybrid exceed the benchmark 
platinum/carbon product in alkaline condition. These outstanding activities of the hybrid are attributed to the 
merits of the interaction between iron sulfide nanoparticles and graphene. The results suggest the practicability 
of metal sulfide as a low cost and efficient alternative catalyst of platinum for oxygen reduction reaction.   

1. Introduction 

The increasing energy crisis and environmental threat produced by 
the excessive use of fossil fuels demand the commercialization of sus-
tainable energy conversion and storage technologies like fuel cells, 
batteries, and supercapacitors … to reduce the dependency on fossil 
fuels [1,2]. Among them, the fuel cell is reliable energy conversion 
technology due to its high energy density, rapid start-up, zero emissions, 
environmental friendliness, and low operating temperature … [3–5]. 
Principally, the fuel cell generates electricity through an anodic and 
cathodic electrochemical reaction and the movement of ions from the 
anode to the cathode through the electrolyte, resulting in the flow of 
electrons via the external circuit [6]. Though fuel cell is simple, efficient, 
convenient, and eco-friendly energy conversion technology, it has 
several limitations. The critical drawback of fuel cells is the sluggish 
electron transfer rate of the oxygen reduction reaction (ORR) occurring 
at cathode, which is responsible for lowering the energy conversion 

efficiency and is markedly influenced by the activity of cathodic catalyst 
[7]. Till now, platinum (Pt) is considered as the most reliable and effi-
cient cathodic catalyst in fuel cells. However, Pt suffers the problems of 
high cost, easy poisoning, and instability [8–10]. Therefore, the devel-
opment of highly efficient, durable, and cost-effective non-Pt catalysts 
for ORR is the focus of the commercialization in fuel cell technology. 

In the past decades, various types of non-precious metal-based cat-
alysts including transition metal oxides [11,12], transition metal sul-
fides (TMSs) [13], transition metal nitrides [14], and transition metal 
carbides … [15,16] have been widely pursued for electrocatalysis. Re-
searchers have been examining the electrocatalytic properties of TMSs, 
such as Mo sulfides, Fe sulfides, Co sulfides, and Ni sulfides as candidates 
for energy conversion technologies, including dye-sensitized solar cells, 
batteries, capacitors, and catalysts for ORR. In particular, Fe sulfides 
have been emerging as promising candidates due to owning many 
exciting properties, including flexible bandgap, high coefficient of op-
tical absorption, good carrier mobility, non-toxicity, and environmental 
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compatibility [16]. Although these materials attracted particular inter-
est, they also suffer from the problems of dissolution, sintering, and 
agglomeration during long-term operating condition of the fuel cells, 
which can result in the degradation of catalytic performance [17,18]. 
The low electrical conductivity of such materials is another problem, 
which significantly hampered the electron transport process during ORR 
[19]. Thus, a novel solution for preparing metal-based catalyst should be 
established to overcome these problems and expect high activity and 
stability towards ORR. In this regard, the combination of metal-based 
catalyst with highly conductive carbon supports has been becoming a 
promising way [20–22]. The reputation of supporting material has been 
well recognized by offering a large surface area for dispersing small 
catalyst particles, permitting mass transfer to/from electroactive sites, 
and accelerating charge conductivity within the active material layer. It 
has been pronounced that the design of catalyst via specific approaches 
with well-controlling conditions can critically affect the morphology, 
size, dispersion, and interaction of active metal with support, thereby 
minimizing shortcomings and maximizing the merits of the individual 
component to produce surprising catalytical activity and stability for 
electrochemical reactions [23–25]. Some hybrids based on Fe sulfides 
encapsulated multilayer structure of graphitic carbon (such as carbon 
nanotubes, carbon spheres …) have been reported; however, the number 
of exposed active sites, ion diffusion, electrolyte penetration may be 

critically limited due to the hindrance of graphitic layers, thereby sug-
gesting low ORR activity [26–28]. As an important carbon derivative, 
graphene has been receiving significant attraction because of its fasci-
nating properties like extremely large specific area, outstanding thermal 
conductivity, high Young’s modulus, good electrical conductivity, and 
charge mobility … [29–31]. Furthermore, the flexibility of graphene 
nanosheets can provide a large space to retain the metallic nanoparticle, 
which prevents agglomeration. Also, the good superficial characteristics 
and perfect structure of graphene improve the oxygen adsorption ability 
and electrical conductivity which significantly accelerates the electron 
transfer rate on the surface of graphene. Additionally, structural defects 
of graphene are responsible to create more active sites, which stimulates 
the ORR activity [32,33]. Therefore, iron sulfide/graphene hybrids have 
recently been considered for ORR. In a recent report by Fang et al., the 
developed Fe sulfide interpolated by reduced graphene oxide hybrids 
exhibited good efficiency for ORR in alkaline medium with positive 
onset potential (Von) of þ0.823 V versus reversible hydrogen electrode 
(vs. RHE) and good durability [34]; however, the use of co-precipitation 
synthesis method significantly limited the resulting material’s perfor-
mance due to the formation of big metal particle size with low dis-
persibility and significant agglomeration. In another research, Xiao 
et al., synthesized a raisin bread-structure of Fe sulfides with nitrogen 
and sulfur dual-doped graphitic layers of mesoporous carbon spheres via 

Fig. 1. (a) FE-SEM image of the rGO; (b) EDAX spectrum and (c, d) FE-SEM images of the FeS/G (Fe/GO¼1:4) hybrid.  

Scheme 1. Schematic diagram of the synthesis of the FeS/G hybrid.  
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a two-step pyrolysis and acid leaching process. In this context, the 
achieved catalyst also displayed promising electrocatalytic behavior for 
ORR, but the low graphitic degree and surface area of carbon spheres 
restricted charge transfer and dispersion of catalyst, thereby limiting 
reaction kinetics [35]. Although, some promising results have been 
pronounced for hybrid based on Fe sulfides and graphene, the publica-
tion about this hybrid system is rare and the above issues have not been 
addressed to improve activity and stability of catalyst towards ORR. 
Therefore, the design of a synthesis approach to effectively disperse 
small Fe sulfides on highly conductive and large-surface graphene 
nanosheets with enhanced synergistic effect is greatly necessary to 
improve ORR performance. 

In this study, a hybrid based on Fe sulfides anchored graphene 
nanosheets was synthesized via a facile hydrothermal technique. The 
shape, size, morphology, and catalytic activity of the hybrid were 
optimized by altering the concentration of metal precursor and synthesis 
condition to maximize electroactive area, charge transfer ability, syn-
ergistic effects for modifying chemisorptive properties. The catalytic 
performance of the hybrid towards ORR in 0.1 M KOH was evaluated 
and compared with a commercial Pt/C product. In addition to a com-
parable catalytic activity, the resulting hybrid exhibited superior sta-
bility and methanol tolerance ability to the Pt/C. These results suggested 
that the synthesized hybrid could possess great cathodic catalyst for 
ORR in alkaline fuel cells. 

2. Experimental 

2.1. Materials 

Graphite powder, ferrous sulfate heptahydrate (FeSO4⋅7H2O, 
99.9%), potassium permanganate (KMnO4, #99%), ammonia solution 
(NH3.H2O, # 28%), commercial Pt/C catalyst (20 wt% of Pt), and nafion 
solution (5 wt %) were purchased from Sigma Co. (USA). Ethanol 
(C2H5OH, 99.9%), methanol (CH3OH, 99.9%), hydrogen peroxide so-
lution (H2O2, 30%), hydrochloric acid (HCl, (35–37) %), and potassium 
hydroxides (KOH, # 99.5%) were purchased from Samchun Co. (South 
Korea). 

2.2. Fabrication of FeS/G hybrid 

In brief, graphene oxide (GO) (the synthesis procedure of GO is 
shown in the Supporting Information) dispersion was prepared by son-
icating 0.04 g GO in a mixed solvent of 70 mL ethanol and 10 mL DI 
water for 1 h. Then, 0.24 g thiourea and 0.01 g ferrous sulfate were 
added to the solution under continuous magnetic stirring condition. The 
solution was subsequently transferred into a Teflon autoclave for hy-
drothermal treatment at 180 $C for 12 h. The precipitate obtained after 
the hydrothermal reaction was cleaned with ethanol/DI water several 
times, followed by freeze-drying and annealing in N2 environment at 
550 $C for 3 h, to produce FeS/G (Fe/GO¼1:4) hybrid. Scheme 1 shows the 

Fig. 2. (a, b) TEM images, (c) SAED pattern, and (d) HR-TEM image of the FeS/G(Fe/GO¼1:4) hybrid (e–i); (e) STEM and its corresponding color mapping of a single 
particle in FeS/G(Fe/GO¼1:4) hybrid. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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synthesis process of the FeS/G (Fe/GO¼1:4) hybrid. For comparison, other 
FeS/G hybrids with different concentrations of Fe2þ precursor were also 
prepared under identical hydrothermal reaction and annealing step. 

2.3. Characterization 

The surface morphology and microstructure of the resulting hybrid 
were studied by field emission scanning electron microscopy (FE-SEM) 
on a Supra 40 VP instrument (Zeiss Co., Germany) and transmission 
electron microscopy (TEM) on a JEM-2200FS system (JEOL Co., USA) 
situated at the Korea Basic Science Institute at Chonbuk National Uni-
versity (Jeonju). Powder X-ray diffraction (XRD) patterns were checked 
on a Max 2500V/PC (Rigaku Co., Japan) at the Center for University- 
Wide Research Facilities (CURF), Chonbuk National University, using 
a Cu-Kα target (λ ¼ 0.154 nm) in the 2θ range of (5–80)$ at a scan rate of 
2 $C⋅min%1. Raman spectra were recorded from the Nanofinder® 30 
(Tokyo Instruments Co., Japan). The chemical composition of catalyst 
was analyzed by X-ray photoelectron spectroscopy (XPS) on a Theta 
Probe machine (Thermo Fisher Scientific Inc., USA). The specific surface 
area was evaluated by the ASAP 2020 Plus system (Micromeritics In-
strument Corp., USA), on the basis of Brunauer-Emmett-Teller (BET) 
theory. 

2.4. Electrochemical measurements 

The oxygen reduction activity of the synthesized hybrid was evalu-
ated by rotating ring-disk electrode rotator RRDE-3A (ALS Co., Japan) 
integrated with an electrochemical workstation CHI 660D (CH In-
struments Inc., USA), where RDE (0.071 cm2), Ag/AgCl electrode, and 
graphite rod were used as working, reference, and counter electrode, 
respectively. The working electrode was prepared by dispersing 2.5 mg 
powder of the hybrid in 0.5 mL of ethanol and 5 μL of Nafion (5 wt %) 
under sonication for 30 min. Then, 5 μL of the catalyst ink was dropped 

on the clean surface of the RDE, followed by drying for 3 h at room 
temperature. For comparative study, the working electrode was also 
prepared for commercial Pt/C. The cyclic voltammetry (CV) was per-
formed in 0.1 M KOH electrolyte saturated with N2/O2 gas at the po-
tential window of þ0.15–1.15 V (vs. RHE) at a scan rate of 50 mV s%1. 
Linear sweep voltammetry (LSV) was performed in 0.1 M KOH electro-
lyte saturated with O2 at different rotation rates of the RDE (such as 400, 
800, 1200, 1600, and 2000 rpm) and at a scan rate of 10 mV s%1. Elec-
trochemical impedance spectroscopy (EIS) was measured at þ0.86 V (vs. 
RHE) in the frequency range (10%1 to 106 Hz) along with a potential 
amplitude of 5 mV. The mechanism of the reaction, kinetics, and the 
number of electrons transferred were calculated from the Koutecky- 
Levich (K-L) equations at various applied potentials [36]: 

1
J ¼ 1

jL
þ 1

jK
¼ 1

Bω1=2 þ 1
jK

(1)  

B ¼ 0:62nFCo D2=3
o v%1=6 (2)  

where, J, JK, and JL are the observed current density (mA⋅cm%2), kinetic- 
limiting current density (mA cm%2), and diffusion-limiting current 
density (mA⋅cm%2), respectively; ω is the rotation speed of the electrode 
(rad⋅s%1); n is the electron transfer number; F is the Faraday constant 
(F ¼ 96,485 C mol%1); DO is the coefficient of diffusion of oxygen gas 
(DO ¼ 1.9 & 10-5 cm2 s%1); CO is the saturated oxygen concentration in 
the 0.1 M KOH solution (CO ¼ 1.2 & 10%6 mol cm%3); and ν is the kine-
matic viscosity, which is equal to 0.01 cm2 s%1. 

The 3 M methanol (MeOH) tolerance ability of the catalyst was 
analyzed by chronoamperometry in O2-saturated 0.1 M KOH solution at 
a rotation speed of 1600 rpm and an applied potential of þ0.66 V (vs. 
RHE). The durability was performed by chronoamperometry in O2- 
saturated 0.1 M KOH at a rotation speed of 1600 rpm and an applied 
potential of þ0.66 V (vs. RHE) for 20,000 s. 

Fig. 3. (a) XRD spectra of the rGO and FeS/G(Fe/GO¼1:4); (b) Raman spectra of the rGO and FeS/G (Fe/GO¼1:4); (c) BET surface area and (d) pore size distribution of 
different FeS/G hybrid samples. 
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All recorded potentials were converted into the scale of the reversible 
hydrogen electrodes (RHE) by following equation  

ERHE ¼ EAg/AgCl þ 0.059 pH þ E$Ag/AgCl (E$Ag/AgCl ¼ 0.1976V at 25 $C)        

3. Results and discussion 

Scheme 1 illustrates the fabrication process of the FeS/G (Fe/GO¼1:4) 
hybrid. Firstly, Fe2þ ions are absorbed on the surface of GO sheet via 
electrostatic interactions. Then, thiourea is broken down under hydro-
thermal condition at 180 $C to release H2S, which reacted with Fe2þ ions 
to form FeS nanocrystals, as presented in the following reaction steps 
(1)–(2):  

(NH2)2CS þ 2H2O ¼ CO2 þ H2S þ 2NH3                                          (3)  

Fe2þ þ S2% ¼ FeS                                                                           (4) 

The formation of FeS crystals depends strongly on the surfactants, pH 
value, and the content of the S precursor present in the reaction system 
[37,38]. It has been reported that excess sulfur content favors the for-
mation of well-defined FeS nanoparticles (NPs) and the use of surfac-
tants as a capping agent favors the formation of truncated corners [39]. 
At this moment, GO with many chemical functional groups, such as –CO, 
–COOH, and –OH, acts both as a surfactant and accelerator, which 
promote the hydrolytic cleavage of (NH2)2CS to produce excess sulfur 
source for accelerating the formation of the FeS NPs via Ostwald 
ripening and ion exchange process. At the same time, GO sheets are also 
reduced by removing the chemical functional groups, such as –CO, 
–COOH and –OH from its structure under high temperature and 

high-pressure hydrothermal conditions [40]. The uniform formation of 
the FeS NPs on the large surface of the reduced GO (rGO) can effectively 
avoid both restacking of graphene sheets and aggregation of the NPs, 
thereby expecting to the change of intrinsic characteristic promising for 
electrochemical reaction [41]. 

To analyze the surface morphology and microstructure of the syn-
thesized rGO and FeS/G(Fe/GO¼1:4) hybrid, FE-SEM and TEM techniques 
were employed. The FE-SEM image of the rGO (Fig. 1a) shows some 
wrinkles and ripples on its surface, suggesting its highly reduced fea-
tures [42]. Fig. 1b shows the EDAX spectrum of the FeS/G(Fe/GO¼1:4) 
hybrid with the presence of respective elements, including C (58.17 at 
%), O (9.35 at%), Fe (0.6 at%), and S (0.38 at%). FE-SEM images of the 
hybrid at different magnifications (Fig. 1c to d) display the uniform 
distribution of the FeS NPs (~5–10 nm) on the whole surface of the rGO 
sheet, further demonstrating the effectiveness of present synthesis 
method to produce hybrids of FeS NPs and graphene. The elemental 
composition of the hybrid was further evaluated by SEM-EDS color 
mapping analysis (Fig. S1), which demonstrates the homogeneous 
mixing of Fe and S atom throughout the entire surface of the graphene. 

The detail information of the surface morphology and internal 
structure for the FeS/G (Fe/GO¼1:4) hybrid was studied by TEM and high 
resolution (HR)-TEM analysis. TEM images (Fig. 2a and b) show the 
similar morphology to that observed by FE-SEM, in which 5–10 nm sized 
FeS NPs are uniformly anchored on the graphene sheet. The SAED 
pattern (Fig. 2c) of the hybrid suggests the highly crystalline feature of 
the FeS NPs. The HR-TEM image of the hybrid (Fig. 2d) displays the 
clearly distinguishable lattice fringe, consistent with a spacing of 
0.265 nm, which agrees with the d(101) crystal plane from Fe0.95S 
(JCPDS card no. 20–0535). In addition, the result of EDS color mapping 
for a single particle (Fig. 2e–i) further depict the anchorage of the FeS 
NP on the surface of graphene. 

Fig. 4. (a) The surveyed XPS spectrum of the FeS/G(Fe/GO¼1:4) hybrid and high-resolution XPS spectra of (b) C1s, (c) Fe2p and (d) S2p from FeS/G(Fe/GO¼1:4) hybrid.  
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The crystallinity of the FeS NPs anchored on rGO sheets was exam-
ined by XRD analysis. The XRD spectrum of the FeS/G(Fe/GO¼1:4) 
(Fig. 3a) shows a broad peak at 2θ ' 26$, corresponding to the d(002) 
crystal plane of graphitic structure [43]. The presence of diffraction 
peaks at 2θ ' 29.9$, 33.8$, 43.85$, and 53$ is attributed to the crystal 
planes of the d(100), d(101), d(102), and d(110) faces from Fe0.95S 
(JCPDS card no. 20–0535), fully consistent with the TEM results. In 
addition, the intensity of the diffraction peaks for the FeS/G(Fe/GO¼1:4) 
hybrid is higher than those of the other synthesized FeS/G samples, 
suggesting a better crystallinity of the FeS NPs in such hybrid (Figs. 3a 
and S3b). The XRD analysis indicates that the highly crystalline FeS NPs 
are anchored on rGO sheet, in which rGO played a vital role to prevent 
the aggregation of the FeS NPs. 

From another aspect, Raman analysis was performed to investigate 
the surface defects of the graphitic structure in the FeS/G(Fe/GO¼1:4) 
hybrid and rGO. Raman spectra of two samples (Fig. 3b) display two 
obvious peaks at 1340 and 1590 cm%1, which are consistent with D and 
G band of graphitic carbon, respectively. The D band informs the 
disordered states and the G band signifies the stretching vibration mode 
E2g from sp2 bonded pairs. The ratio of D-to-G band (ID/IG) can be used 
as a useful indicator for evaluating the defects in graphitic carbon ma-
terials. In this regard, the ID/IG ratio is observed to be about 1.05 and 
0.86 for FeS/G(Fe/GO¼1:4) hybrid and rGO, respectively. As compared to 
rGO and the other synthesized FeS/G samples (Figs. 3b and S3a), the 
higher ID/IG value of the FeS/G(Fe/GO¼1:4) indicates that additional de-
fects were introduced into the surface of the graphene via the surface 
modification and the anchorage of FeS NPs [44]. Nitrogen 
adsorption-desorption isotherms and Brunauer-Emmett-Teller (BET) 
analysis were employed to check the porosity and specific surface area of 
the FeS/G(Fe/GO ¼1:4) hybrid. The N2 adsorption-desorption isotherms 
exhibit a typical hysteresis loop of type IV, suggesting the mesoporous 

features of such hybrid (Fig. 3c). The BET analysis indicates the highest 
specific surface area of the FeS/G(Fe/GO ¼1:4) hybrid (334.15 m2g-1) as 
compared to other FeS/G hybrid samples. In addition, mesoporous na-
ture of the hybrids is further demonstrated by Fig. 3d, which shows the 
pore size of the hybrids is mainly concentrated in the range of 30–40 nm. 
The large surface area and mesoporous nature of the catalysts are ex-
pected to be highly beneficial for enhancing catalytic activity via of-
fering more active sites, diverse ion/electron conduction pathways, and 
reactant diffusion channels … [45,46]. 

The chemical composition and bonding states of the FeS/G(Fe/GO¼1:4) 
hybrid were analyzed by XPS technique. The survey XPS spectrum 
(Fig. 4a) shows the presence of C, O, Fe, and S elements in the hybrid, in 
which the signal of C and O is originated from the rGO sheets [47] and 
the signal of Fe and S is from FeS NPs. The high-resolution C1s spectrum 
of the hybrid can be deconvoluted into three peaks (Fig. 4b), which are 
attributed to C¼C (284.6 eV), C¼O (287.6 eV), and O-C¼O (289.1 eV) of 
the rGO. As compared to the GO material, the different types of func-
tional groups in the C1s spectrum of the FeS/G(Fe/GO¼1:4) hybrid are 
disappeared (Fig. 4b and Table S1), indicating the well reduced features 
of the GO in the synthesized hybrid [48,49]. The high-resolution Fe2p 
spectrum shows four doublets, which are attributed to the binding en-
ergies of Fe0, Fe2þ, Fe3þ, and satellite component (Fig. 4c) [34]. In this 
context, two peaks at 707.3 and 720.3 eV, consistent with 2p3/2 and 
2p1/2 levels of Fe0, respectively. Besides, the peaks at 710.6 and 
724.2 eV are assigned to Fe2þ, and the peaks at 712.4 and 726.5 eV are 
corresponding to Fe3þ, revealing the presence of both Fe3þ and Fe2þ in 
the FeS/G hybrid [50]. The peaks at 715.1 and 730.0 eV respectively 
belong to satellite component of Fe2p3/2 and Fe2p1/2 [51]. Regarding 
the high-resolution S2p spectrum of the hybrid, the characteristic peaks 
of S2p1/2 and S2p3/2 are detected at binding energies of 168.1 and 
163.7 eV (Fig. 4d), respectively, consistent with characteristics of S2%

Fig. 5. (a) CV curves of the FeS/G(Fe/GO¼1:4) hybrid in N2- and O2-saturated 0.1 M KOH electrolyte; (b) Comparison of ORR activity of different FeS/G hybrids in 
0.1 M KOH electrolyte; (c) LSV of different FeS/G hybrids in 0.1 M KOH electrolyte at a rotation speed of 1600 rpm and a scan rate of 10 mV∙s%1; (d) EIS results of 
different FeS/G hybrids in 0.1 M KOH electrolyte in the frequency range of 105 to 10%2. 
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[52]. 
The ORR activity of the FeS/G hybrids was initially evaluated by CV 

measurement in N2 and O2-saturated 0.1 M KOH electrolyte. Fig. 5a 
shows that the CV curve of the FeS/G(Fe/GO¼1:4) hybrid exhibits distin-
guished cathodic peak at þ0.78 V (vs. RHE) in O2-saturated KOH, sug-
gesting the superior catalytic activity of such catalyst towards ORR in 
survey potential range. Also, the CV comparison of different FeS/G hy-
brids with varying ratio of iron salt precursor in O2-saturated 0.1 M KOH 
solution shows the maximum peak current density and most positive 
peak potential (Epeak ¼ 0.78V (vs. RHE)) for the FeS/G(Fe/GO¼1:4) hybrid 
(Fig. 5b). The LSV comparison also demonstrates the similar result to 
CV, in which the highest value of onset potential (Vonset), half-wave 
potential (Vhalf wave), and the measured current density were obtained 
for the FeS/G(Fe/GO¼1:4) hybrid (with Vonset ¼ 1.0 V and Vhalf 

wave ¼ 0.845 V (vs. RHE)), informing the high catalytic activity of the 
catalyst as compared to other FeS/G hybrid samples (Fig. 5c). 

EIS measurements were also performed to evaluate the charge 
transfer resistance of different FeS/G hybrids. Fig. 5d shows the smallest 
semicircle, consistent with the lowest Rct value for FeS/G(Fe/GO¼1:4) 
(102.5 Ω), as compared to other catalysts, suggesting its high electron 
transfer ability for ORR. The good catalytic performance and high 
electron transfer ability of the FeS/G(Fe/GO¼1:4) hybrid are attributed to 
the synergistic effects originated from the uniform attachment of the FeS 
NPs on graphene’s surface, as observed in FE-SEM and TEM images. The 
uniform distribution of the FeS NPs leads to the enhancement of surface 
area, conductivity, active sites numbers on the surface of graphene, 
thereby upgrading the interfacial charge transfer ability and O2 
adsorption ability to amplify the electrocatalytic activity of the catalyst 
[53]. 

To explore the kinetics and mechanism of ORR, the LSV measure-
ments were investigated in O2-saturated 0.1 M KOH solution at different 

rotation speeds (Fig. 6a). The current density consistently increases with 
the rotation speed, which is due to the shortened distance of electron 
transport channel between the electrolyte-electrode interface, suggest-
ing the significant impact of kinetic factors on ORR activity. To study the 
mechanism of electron transfer, Koutecky-Levich (K-L) plot were made 
for the FeS/G(Fe/GO¼1:4) in the potential range (0.25–0.5 V (vs. RHE)). 
The achieved K-L plots of the FeS/G(Fe/GO¼1:4) show good linearity and 
parallelism in the measured potential range, signifying similar electron 
transfer mechanism and the first order reaction kinetics of the catalyst 
towards ORR [54,55]. In addition, electron transfer number (n) value 
obtained from the K-L plots at potential of þ0.55 V (vs. RHE) was ~4.0 
(Figs. 6b and S6) for FeS/G(Fe/GO¼1:4), which was higher than the elec-
tron transfer number of other catalysts, suggesting the ORR catalyzed by 
this hybrid was mainly occurred through the direct 4 electrons transfer 
pathway without involving any intermediate steps. In order to check the 
appropriateness of the catalyst for practical application, the catalytic 
activity of the catalyst was compared with the commercial Pt/C by LSV 
measurements in O2-saturated 0.1 M KOH at a rotation speed of 
1600 rpm. The LSV comparison shows that the catalytic activity of the 
FeS/G(Fe/GO¼1:4) hybrid is almost like Pt/C. In this regard, the hybrid 
presents slightly lower value of Vonset (1 mV) and Vhalf wave (5 mV) as 
compared to Pt/C (Fig. 6c). 

In addition, the Tafel slope comparison also suggests the similar 
catalytic activity and overpotential of the FeS/G(Fe/GO¼1:4) hybrid 
(69 mV∙dec%1) with Pt/C (66 mV∙dec%1) catalyst towards ORR, indi-
cating the high feasibility of the hybrid for practical applications 
(Fig. 6d). To the best of our knowledge, the FeS/G(Fe/GO¼1:4) hybrid has 
displayed excellent catalytic activity towards ORR in 0.1 M KOH solu-
tion compared to the formerly reported metal sulfide-based catalyst 
(Table S2). 

The durability and methanol tolerance ability of the catalyst are also 

Fig. 6. (a) LSV curve of the FeS/G(Fe/GO¼1:4) hybrid at a scan rate of 10 mV∙s%1 in O2-saturated 0.1 M KOH electrolyte at different rotation rates of the electrode; (b) 
Plot of J%1 vs ω%1/2 according to the K–L equation at different applied potentials for FeS/G(Fe/GO¼1:4) hybrid; (c) LSV comparison and (d) the corresponding Tafel plot 
comparison of the FeS/G(Fe/GO¼1:4) hybrid with Pt/C at1,600 rpm in 0.1 M KOH. 
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vital parameters to determine its practical ability towards ORR. In order 
to examine the durability of the catalyst, LSV comparisons were made 
between FeS/G(Fe/GO¼1:4) hybrid and Pt/C after a consecutive run of 
1000 cycles at a scan rate of 50 mV∙s%1 in O2-saturated 0.1 M KOH 
electrolyte at 1600 rpm. The LSV curve of the Pt/C displays a 155 mV 
deflection of Vhalf wave after 1000 cycles (Fig. 7a), meanwhile the FeS/ 
G(Fe/GO¼1:4) hybrid displays only 150 mV loss in Vhalf wave after 1000 
potential cycles (Fig. 7b), implying the greater stability for FeS/G(Fe/ 

GO¼1:4) as compared to the Pt/C. To further confirm the enhanced sta-
bility of the FeS/G(Fe/GO¼1:4) hybrid, the chronoamperometry at a con-
stant voltage of þ0.66 V (vs. RHE) for 20,000 s was compared between 
FeS/G(Fe/GO¼1:4) hybrid and Pt/C catalyst (Fig. 7c). The results show the 
excellent retention of the current density for FeS/G(Fe/GO¼1:4) hybrid 
(94.3%), as compared to that of Pt/C (89%), demonstrating the superior 
stability of the hybrid catalyst. The morphology and structure of the 
FeS/G and Pt/C after stability test were investigated to deeply under-
stand certain reason for the observed stability of these materials. 
Fig. S8a indicates the respectable preservation of FeS/G morphology, in 
which FeS NPs still well distribute over surface of the G. In addition, 
Fig. S8b shows that there is no significant change of crystal structure for 
the hybrid. These observations are fully consistent with the good sta-
bility of the hybrid material towards ORR. In contrast, the reduction of 
stability for the Pt/C was demonstrated by the considerable decompo-
sition of its structure, in which TEM image of Pt/C after stability clearly 
displays a strong decrease of Pt density on carbon surface because of the 
dissolution and detachment during operation (Figs. S9a and b). In 
addition, the XRD result of Pt/C after stability also shows low intensity 
and broaden diffraction peaks as compared to virgin one, further 
implying significant modulation of Pt structure (Fig. S9c), thereby 
leading to the impressive reduction of stability towards ORR. 

In addition to the high activity and durability, the FeS/G(Fe/GO¼1:4) 
hybrid also possesses excellent methanol tolerance ability towards ORR. 
In this regard, the methanol tolerance ability of the FeS/G(Fe/GO¼1:4) and 
Pt/C was evaluated by chronoamperometry at þ0.66 V (vs. RHE) in 0.1 
M KOH solution. It can be seen that after injecting 3 M methanol at 300 s 
time point (Fig. 7d), the Pt/C catalyst presents a sharp and immediate 
jumping in current density, whereas a minor change is only noticed in 
the case of the FeS/G(Fe/GO¼1:4) hybrid. This infers the superior MeOH 
tolerance ability of the hybrid catalyst to Pt/C [56,57]. All above elec-
trochemical results excitingly suggest the excellent catalytic activity, 
high stability, and high methanol tolerance ability of the FeS/-
G(Fe/GO¼1:4) hybrid towards ORR in 0.1 M KOH solution, demonstrating 
its great feasibility for replacing Pt/C catalyst. 

4. Conclusion 

In summary, a novel and cost-effective catalyst based on FeS/G 
hybrid is successfully fabricated through hydrothermal technique and 
efficiently applied for ORR in alkaline medium. The comparison of 
electrocatalytic activity for different FeS/G hybrid samples reveals that 
FeS/G(Fe/GO¼1:4) hybrid exhibits excellent catalytic activity with positive 
Vonset, Vhalf-wave, cycling stability, and MeOH tolerance ability. The 
hybrid shows a close catalytic performance, as well as superior stability 
and methanol tolerance to Pt/C catalyst. The superb catalytic activity of 
the optimized FeS/G catalyst is basically attributed to the synergistic 
effect of FeS NPs and graphene, which produce large surface area, 
enhanced active site numbers, and numerous channels for ion/electro-
lyte diffusion. Such factors are vital for improving charge conductivity 
and O2 adsorption ability to enhance the catalytic activity towards ORR. 
All results demonstrated the practical ability of the FeS/G(Fe/GO¼1:4) 

Fig. 7. (a) LSV comparison of Pt/C and (b) FeS/G(Fe/GO¼1:4) hybrid in O2-saturated 0.1 M KOH at 1600 rpm after consecutive run of 1,000th cycles; (c) Chro-
noamperometric measurements (i-t curve) of the FeS/G(Fe/GO¼1:4) hybrid and Pt/C in O2-saturated 0.1 M KOH electrolyte at an applied potential of þ0.66 V (vs. RHE) 
and rotation rate of 1600 rpm for 20,000 s; (d) Comparative study of MeOH tolerance ability of the FeS/G(Fe/GO¼1:4) hybrid and Pt/C by chronoamperometry at 
þ0.66 V (vs. RHE) in O2 saturated 0.1 M KOH at 1600 rpm. 
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hybrid to replace commercial Pt/C for ORR in alkaline medium. 
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