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FeS, Nanoparticles Embedded in Reduced Graphene Oxide
toward Robust, High-Performance Electrocatalysts
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Yilin Wang, Glenn Pastel, Lourdes G. Salamanca-Riba, Michael R. Zachariah,

and Liangbing Hu*

Developing low-cost, highly efficient, and robust earth-abundant electrocata-
lysts for hydrogen evolution reaction (HER) is critical for the scalable produc-
tion of clean and sustainable hydrogen fuel through electrochemical water
splitting. This study presents a facile approach for the synthesis of nanostruc-
tured pyrite-phase transition metal dichalcogenides as highly active, earth-
abundant catalysts in electrochemical hydrogen production. Iron disulfide
(FeS,) nanopatrticles are in situ loaded and stabilized on reduced graphene

methods for hydrogen fuel production.l-l

Currently, the state-of-the-art catalyst for
hydrogen evolution reaction (HER) is
platinum (Pt), a noble metal, which can
reach a current density of 100 mA cm™2
with a small overpotential of =50 mV.["#!
However, the high cost and low elemental
abundance of this noble metal inhibit
large-scale hydrogen production and appli-

oxide (RGO) through a current-induced high-temperature rapid thermal
shock (=12 ms) of crushed iron pyrite powder. FeS, nanoparticles embedded
in between RGO exhibit remarkably improved electrocatalytic performance
for HER, achieving 10 mA cm~2 current at an overpotential as low as 139 mV
versus a reversible hydrogen electrode with outstanding long-term stability
under acidic conditions. The presented strategy for the design and synthesis
of highly active earth-abundant nanomaterial catalysts paves the way for low-

cost and large-scale electrochemical energy applications.

1. Introduction

With the ever-rising global demand for energy and growth of
serious environmental issues associated with energy consump-
tion, the production and exploration of clean and sustainable
energy are imminent. Hydrogen is a promising alternative
energy due to its highest energy density among all fuels and
completely clean combustion process in which only water and
energy are produced without any by-products. Electrochem-
ical/photoelectrochemical water splitting is one of the most
attractive strategies to produce hydrogen among the existing
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cation. Therefore, numerous research
efforts have been devoted to developing
cost-effective, earth-abundant electrocata-
lysts with high HER activity.’~'® Various
materials based on earth-abundant ele-
ments, such as MoS,,1*23 amorphous
MoS,,24251 MoC,,'"1°1 MoC,,l®) MoSe,,°!
WS, 27728 WC,2 WSe, 30 CoPS,31:32
NiFeO,,’3 Ni;S,,34 Ni,P,35 NiMoN,,?l
and Ni-Mo alloy,’”) are promising HER
catalysts. For example, Cui and co-workers
demonstrated that electrochemically tuned
MoS, nanoparticles achieved 200 mA cm2 cathodic current at
only 200 mV overpotential.[*®]

Among these various earth-abundant electrocatalysts for
HER, the cubic pyrite-phase transition metal dichalcogenides,
such as iron disulfide (iron pyrite, FeS,), are emerging as a new
generation of low-cost, highly active alternatives. FeS, has been
widely investigated as catalysts for energy storage and conver-
sion applications due to the great abundance of iron pyrite min-
erals.3%4% Specifically, nanostructured FeS, is presently under
extensive investigation as low-cost solar absorbers,*! catalysts
for oxygen reduction reaction*?! and electrode materials in bat-
teries.*¥] In addition, nanostructured FeS, has been studied as
a highly active electrocatalyst for HER.#%* A recent work dem-
onstrated that 10 mA cm™ current was achieved at =260 mV
overpotential using FeS, thin film as a catalyst in 0.5 M H,SO,
solution.*¥] The FeS, thin film was synthesized by treating
e-beam evaporated Fe thin films through a sulfurization reac-
tion. Although progress has been made on investigating and
designing efficient and cost-effective catalyst for HER, the
synthesis methods for nanostructured catalysts still need to be
improved greatly in order to realize fast, low-cost, and scalable
nanomanufacturing for catalysts.

In this work, we present a facile strategy to synthesize FeS,
nanoparticles derived from iron pyrite as highly efficient and
stable electrocatalysts for water splitting. We use FeS, powders
derived from iron pyrite and graphene oxide flakes exfoliated
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Figure 1. Schematic illustration of the ultrafast, in situ transformation of minerals to catalyst
nanoparticles. FeS, powders and reduced graphene oxide (RGO) flakes derived from iron pyrite
and graphite as raw materials can be transformed into ultrafine FeS, nanoparticles (10-20 nm).
The ultrafine FeS, nanoparticles are uniformly distributed on the RGO nanosheets and the
transformation process is completed in an ultrashort time (=12 ms) through direct high-tem-
perature treatment (=2470 K). The proposed mechanism for nanoparticle formation entails
FeS, powder decomposition into Fe and S atoms upon rapid heating and recrystallization

upon rapid cooling.

from graphite through an improved Hummers' method*¢l
as raw materials to fabricate micro-FeS,-RGO films. The
nano-FeS,-RGO is then in situ synthesized by directly joule
heating the as-prepared micro-FeS,-RGO film to a high temper-
ature (=2470 K) in a short time (=12 ms). The process is defined
as a thermal shock in this study. After thermal shock treatment,
FeS, nanoparticles (10-20 nm) are uniformly distributed on
RGO nanosheets, as illustrated schematically in Figure 1. The
following mechanism is proposed for ultrafast, in situ FeS,
nanoparticle formation on RGO at high temperatures. FeS,
powders decompose into Fe and S atoms in the rapid heating
process up to 2470 K.*l The Fe and S atoms then diffuse
within the RGO matrix but remain in between the RGO layers
under high temperature thereby benefiting from the imperme-
ability of RGOM®l and the encapsulation effect of the RGO film.
As rapid cooling takes place, the Fe and S atoms renucleate
around the defects on the basal plane of the RGO nanosheets
and crystallize into ultrafine FeS, nanoparticles (Figure 1).
The FeS,-RGO 3D nanostructure we designed helps to main-
tain good mechanical integration and rapid electron transport
of FeS, nanoparticles embedded in the RGO nanosheets. This
unique method enables in situ synthesis of FeS, nanoparticles
in an ultrafast, cost-effective, and scalable approach. As a proof
of concept, we demonstrated that FeS, nanoparticles trans-
formed from iron pyrite through ultrafast thermal shock can
be used as catalysts to split water. Benefiting from the ultrafine
FeS, nanoparticles and the robust FeS,-RGO 3D structure, the
as-synthesized nano-FeS,-RGO exhibits remarkable electrocata-
lytic performance for HER with only 139 mV overpotential to
achieve 10 mA cm™ current in 0.5 M H,SO, solution for long-
term operation. The present strategy is also applicable to syn-
thesize other transition metal dichalcogenides and can even be
extended to ternary or multicomponent compounds.
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The pristine pyrite mineral is displayed
as the inset image in Figure 2a, which
shows a specimen several centimeters long.
After breaking the mineral with a hammer,
=50 um FeS, particles can be obtained
(Figure 2a). To have better control of the
particle size in the experiments, commer-
cial micro-sized FeS, powder (=44 um) and
graphene oxide were chosen as raw mate-
rials to fabricate the micro-FeS,-RGO film
(Figure 2b) by vacuum filtration followed by
thermal annealing at 573 K for 1 h in argon.
The obtained freestanding micro-FeS,-RGO
film was then used to synthesize FeS, nan-
oparticles embedded within the RGO film
through current-induced thermal shock.
The current triggered thermal shock treat-
ment was conducted at a high temperature
of 2470 K and the whole process was fin-
ished within around 12 ms as shown in the
temperature profiles (Figure 2¢). The tem-
perature profiles were extracted by fitting the
emission spectrum (in the wavelength range
of 505-811 nm) from heating the nano-FeS,-
RGO film to Planck’s law for blackbody radi-
ation (Figure 2d). The film did not show any
obvious change after thermal shock from the appearance point
of view (Figure S1, Supporting Information). The morphology
of the as-synthesized FeS, nanoparticles after thermal shock
treatment is shown in Figure 2e where the FeS, nanoparticles
are 10-20 nm in diameter (Figure S2, Supporting Information)
and evenly distributed on the RGO nanosheets. A close view
image in the inset of Figure 2e shows that most of the nano-
particles stabilized on the RGO are spherical or subsphaeroidal
in shape (Figure S3, Supporting Information). Energy-disper-
sive X-ray spectroscopy (EDX) of a single nanoparticle presents
the elements C, Fe, and S with an S/Fe atomic ratio of =2.0
(Figure 2f), suggesting the iron-sulfide nanoparticle is FeS,.

Transmission electron microscopy (TEM) further reveals the
structure of the as-synthesized FeS, and RGO nanocomposite
(Figure 3). TEM images show the typical spherical morphology
of FeS, nanoparticles with an average size of 10-20 nm distrib-
uted on wrinkled 2D RGO nanosheets (Figure 3a). Figure 3D,
the enlarged TEM image, illustrates that FeS, nanoparticles
were uniformly embedded in the RGO nanosheets. High-reso-
lution TEM shows lattice plane spacing of 0.22 nm (Figure 3c),
which corresponds to the (211) crystal planes of the pyrite
structure, indicating excellent crystallinity of the as-synthesized
FeS, nanoparticles. The EDX elemental mapping of as-synthe-
sized FeS, nanoparticles reveals the distribution of Fe and S
elements over the whole nanoparticle on the RGO nanosheet
(Figure 3d-f). The crystallinity of the FeS, nanoparticles
embedded between RGO sheets is further confirmed by X-ray
diffraction (XRD). The XRD spectrum shows a broad RGO
peak at =26° corresponding to the C (002) plane, and dominant
sharp diffraction peaks at =33°, 41°, and 59° ascribed to the
reflection of (200), (211), and (222) planes of pyrite FeS,, which
is consistent with the TEM results (Figure S4, Supporting
Information).
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Figure 2. Characterizations of pyrite and FeS, nanoparticles. a) FESEM image of FeS, powders broken from pyrite. The inset shows the pristine
pyrite. b) Digital image of fabricated FeS,-RGO film. c) Temperature profile during the high-temperature synthesis of nano-FeS,-RGO. d) Emission
spectra of nano-FeS,-RGO film in the wavelength range of 505-811 nm in the ultrafast synthesis process. e) FESEM image of as-synthesized FeS,
nanoparticles uniformly distributed on RGO nanosheets. The inset shows details of the surface morphology at higher magnification. f) EDX spectrum

of nano-FeS,-RGO.

The chemical composition and electronic states of as-synthe-
sized FeS, nanoparticles on RGO nanosheets are investigated
by X-ray photoelectron spectroscopy (XPS; Figure 4) where all
spectra were calibrated to 284.0 according to sp? carbon. The
survey scan (Figure 4a) shows that the nano-FeS,-RGO consists
mainly of C, O, Fe, and S, where the signals of C and O origi-
nate from the RGO nanosheets. The XPS spectrum presents

signals of S 2p and Fe 2p with atomic ratios of 3.56% and
1.78%, respectively. Accordingly, an S/Fe ratio of 2.0 can be
derived from the XPS results which is close to the S/Fe ratio
measured by EDX (Figure 2f). The high-resolution C 1s spec-
trum can be decoupled into five bands (Figure 4b), which cor-
respond to C=C (284.0 eV), C—C (284.9 eV), C—0 (286.5 eV),
C=0 (287.6 eV), and 0—C=0 (289.0 eV).[*>0 The characteristic

Figure 3. Characterizations of nano-FeS,-RGO. a) TEM image of FeS, nanoparticles on RGO nanosheets. b) Magnified TEM image. c) High-resolution
TEM image of a FeS, nanoparticle, presenting clear lattice fringes with a lattice plane spacing of 0.22 nm which corresponds to the (211) crystal plane
of FeS,. d—f) High-angle annular dark-field TEM image of an FeS, nanoparticle and the corresponding EDX elemental mapping of Fe and S.
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Figure 4. Chemical composition and electronic states characteriza-
tion of nano-FeS,-RGO. a) XPS survey spectrum of nano-FeS,-RGO.
b—d) High-resolution XPS spectra of C 1s, S 2p, and Fe 2p for as-synthe-
sized nano-FeS,-RGO.

peaks of S 2p;;; and S 2p,, are observed at binding energies of
162.8 and 163.9 eV (Figure 4c), respectively, which match litera-
ture results for FeS,.>"2 The high-resolution Fe 2p spectrum
reveals two prominent components that can be assigned as Fe
2p3; (707.8 eV) and Fe 2p;;, (721.2 eV), which is consistent
with the literature values of electron-binding energies of Fe?*
cations in FeS, (Figure 4d).5152 All the aforementioned charac-
terizations confirm the successful synthesis of FeS, nanoparti-
cles on RGO nanosheets.

The HER electrocatalytic activity of the synthesized FeS,
nanoparticles was evaluated in a 0.5 M H,SO, solution
employing a typical three-electrode electrochemical system.
The direct preparation of FeS, nanoparticles grown on RGO
nanosheets enables convenient evaluation of its catalytic activity
by utilizing the freestanding FeS,-RGO film as a working
electrode. Figure 5a shows the cathodic polarization curves
of nano-FeS,-RGO together with micro-FeS,-RGO as a refer-
ence with a mass loading of 1 mg cm™2. The nano-FeS,-RGO
exhibits a much lower onset overpotential of 70 mV versus the
reversible hydrogen electrode (RHE) compared with that of
micro-FeS,-RGO (164 mV), which also shows a favorable com-
parison against other earth-abundant HER electrocatalysts.l>>4
Moreover, the nano-FeS,-RGO requires a low overpotential of
139 mV versus RHE to achieve significant hydrogen evolution
(J = 10 mA cm™2), while micro-FeS,-RGO requires a high over-
potential of 260 mV. The low overpotential of nano-FeS,-RGO
for generating hydrogen from water is among the best reported
nonnoble metal electrocatalysts for HERP>*® (Table S1, Sup-
porting Information). Meanwhile, =100 mA c¢cm~2 cathodic cur-
rent can be observed at a low voltage of —229 mV for nano-FeS,-
RGO, instead of —439 mV for micro-FeS,-RGO, confirming the
greatly improved electrocatalytic activity for nano-FeS,-RGO.
The high HER activity of nano-FeS,-RGO is further validated
by Tafel plots which reflect the current change with increasing
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potential. The Tafel slope of nano-FeS,-RGO (66 mV dec™) is
remarkably lower than that of micro-FeS,-RGO (124 mV dec™?)
as depicted in Figure 5b, illustrating the excellent HER cata-
Iytic activity of nano-FeS,-RGO. Although the Tafel slope with
a value of 66 mV dec™! is still higher than 30 mV dec™! for Pt-C
electrocatalyst, nano-FeS,-RGO compares favorably to recently
reported high-performance earth-abundant HER electrocata-
lysts.3134 In addition, the catalyst exhibits a high turnover
frequency of 0.06 s™' per active site at 229 mV overpotential
(100 mA cm™?), confirming the excellent intrinsic catalytic
activity of nano-FeS,-RGO (Figure S5, Supporting Information).

Catalytic stability is always a significant criterion for HER
catalysts in addition to high electrocatalytic activity. The cycling
stability of nano-FeS,-RGO is investigated by continuous poten-
tial sweeping at a scan rate of 50 mV s~! in an acidic electrolyte.
The nano-FeS,-RGO catalyst sustains negligible deterioration of
cathodic current after 1000 cycles (Figure 5c), which suggests
excellent long-term stability without serious corrosion. Further-
more, the stability of the nano-FeS,-RGO catalyst is evaluated
by catalyzing continuous hydrogen production at a constant
overpotential of 170 mV (Figure 5d). The current density of the
nano-FeS,-RGO catalyst remains stable at 24 mA cm™2 for more
than 10 h in 0.5 m H,SO,, confirming the remarkable stability
and advantages of FeS, nanoparticles embedded in between
RGO nanosheets for water splitting. The superior durability of
anchored FeS, nanoparticles on RGO nanosheets should owe
to the strong interaction between FeS, catalysts with RGO sub-
strate. RGO film not only acts as a physical support for the cata-
lyst nanoparticles, it also improves the electronic conductivity
of the film for efficient water splitting. Moreover, the RGO pre-
vents the loss of nanocatalysts during water splitting.

We also performed first-principles calculations to evaluate
the HER activity of FeS,. In terms of the XRD results, we cal-
culate the Gibbs free energy, AG, due to the hydrogen adsorp-
tion on the S-terminated (100), (111), and (211) surfaces. Many
different S sites are examined and Figure 5e (Figure S6, Sup-
porting Information) plots the results corresponding to the
optimal AG for the different surfaces which indicates that all
three FeS, surfaces exhibit catalytic activity (Figures S7-S9,
Supporting Information). Nevertheless, the (100) surface
deserves particular attention because of its unique geometric
configuration and HER process. On the one hand, the S dimer-
ization occurs therein. The absence of dangling bonds implies
good structural stability. On the other hand, the free energies
are 0.15 and —0.15 eV for the first and second H adsorption,
respectively, as illustrated in Figure Se, which has an overall AG
of zero resulting in a superior HER activity. Furthermore, the
second H prefers the site close to the first one, unambiguously
benefitting for their collapse and release. By putting the two
together, the FeS, (100) surface shows more promising catalytic
potential for HER, which provides a theoretical foundation for
how the crystal structure of FeS, can be optimized for improved
catalytic performance.

2. Conclusion

We report a new high-temperature-assisted strategy for syn-
thesizing nanostructured pyrite-phase transition metal
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Figure 5. HER electrocatalytic performance of FeS, nanoparticles. a) The HER polarization
curves of nano-FeS,-RGO in comparison to micro-FeS,-RGO at 2 mV s7' in 0.5 m H,SO,.
b) Corresponding Tafel slopes. c) Cycling stability of nano-FeS,-RGO after continuous potential
sweeps at a scan rate of 50 mV s in 0.5 m H,SO,. d) Time-dependence of the cathodic current
density of nano-FeS,-RGO during electrolysis under a constant overpotential of 170 mV in 0.5 m
H,SO,. €) The configurations of hydrogen adsorption on the different FeS, surfaces (left (100),
middle (117), and right (211)) and the corresponding free energy. In the case of (100), there
are two equal S-sites for the HER process and the free energies are 0.15 and —0.15 eV for the
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thus inspiring new avenues to develop highly
active earth-abundant catalysts for a variety of
scalable energy conversion applications.

3. Experimental Section

Materials Synthesis: In a typical synthesis, 10 mg
of iron pyrite powders were obtained either from
bulk pyrite minerals after being broken by a hammer
or from commercial micro-sized FeS, powders
(99.8%, =325 mesh). The iron pyrite powder
was added to deionized water and sonicated at
room temperature for 1T min. After that, 10 mg of
graphene oxide ink (3 mg mL™") synthesized by
a modified Hummer's method was mixed with
the above solution. The obtained mixed solution
was sealed and sonicated for 10 min followed by
vacuum filtration. The FeS,-GO film then could be
detached from the 0.65 um pore-sized membrane
(Millipore, U.S.A) as a freestanding film after drying
overnight in air. The freestanding FeS,-GO film was
then preannealed in a tube furnace at 573 K for 1 h
under Argon atmosphere, reducing the FeS,-GO to
FeS,-RGO, to trigger the current induced thermal
shock. After high-temperature thermal shock
treatment at =2470 K, the as-synthesized FeS,-RGO
film was cut into small pieces (6 X 6 mm? in size)
for further electrochemical measurements. All
chemicals were purchased from Sigma-Aldrich and
used as received.

Thermal Shock Treatment: The freestanding
FeS,-RGO film was mounted on a substrate of glass
slides with a gap. Copper ribbons were employed
as the connecting wires to the external circuit and
silver paste (SPI supplies) was applied to both
ends of the FeS,-RGO film as electrodes to ensure
contact between the film and copper ribbons. The
thermal shock treatment was achieved by applying
an ultrafast current or voltage pulse within a
short timespan to the premounted FeS,-RGO
film in a vacuum chamber. A specially designed
sub-millisecond  diagnostic system monitored
the real-time temperature during the process. A
0.5 m spectroscope (Acton SP 500i), which had a

first and second hydrogen. The black boxes denote the used supercells.

dichalcogenides as highly efficient and stable earth-abundant
catalysts for HER. Starting from raw graphite and iron pyrite
minerals, high-density FeS, nanoparticles are in situ formed and
uniformly distributed within the RGO in a short time (=12 ms)
through current-induced high temperatures up to =2470 K.
The as-synthesized ultrafine FeS, nanoparticles embedded in
between RGO exhibit excellent HER electrocatalytic activity
achieving 10 mA cm™ current at overpotentials as low as 139 mV
versus a reversible hydrogen electrode with superior durability.
These results are among the most active earth-abundant HER
electrocatalysts reported in the literature. The exceptional elec-
trocatalytic activity can be attributed to the chemical compo-
sition and structure of the ultrafine nanoparticles, as well as
their robust interaction with RGO. We envision that the facile
synthesis strategy can be applied to other transition metal
binary, ternary, or multicomponent compounds and alloys,
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150 | mm™' grating to disperse the light, was used
to collect the light emission from the film during
the thermal shock. The obtained spectrum was
generated by a 32 channel PMT array interfaced
with a high-speed data acquisition system (Vertilon IQSP 580). The
data acquisition was carried over the wavelength range of 505-811 nm.
In order to sufficiently resolve the sub-millisecond thermal shock, the
sample rate on the acquisition system is set to 10 000 Hz, i.e., producing
a sample every 100 ps. With temperature as a free parameter, the
spectrum was subsequently fit to the blackbody radiation equation using
Planck’s law to obtain the monitored temperature profile.

Materials Characterizations: The morphology of as-prepared FeS,-RGO
electrocatalyst was characterized by a Hitachi SU-70 field emission
scanning electron microscope (SEM) with EDX under an accelerating
voltage of 15 kV. TEM images were taken by a JEOL JEM 2100F operated
at an accelerating voltage of 200 kV and equipped with a high angle
annular dark field detector in scanning TEM mode and an Oxford Inca
EDX detector. XPS measurements were taken using a Kratos Axis 165
X-ray photoelectron spectrometer. XRD measurement was taken using
the D8 Advanced (Bruker AXS, WI, USA).

Electrochemical Measurements: All electrochemical measurements
were conducted at room temperature, 298 K, in air. The electrochemical

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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tests for HER were performed in a standard three-electrode setup
and recorded using a Bio-Logic EC-Lab electrochemistry tester. The
nano-FeS,-RGO sample was directly employed as a working electrode,
meanwhile platinum foil and commercial Ag/AgCl electrode were
selected as the counter and reference electrode, respectively. A linear
sweep voltammetry was measured in the 0.5 m H,SO, electrolyte at
a scan rate of 2 mV s7' to obtain the polarization curves and further
evaluate the activity of the material. Cycle stability of nano-FeS,-RGO
electrocatalyst was performed by continuous potential sweeps at a
scan rate of 50 mV s7' in 0.5 M H,SO,. The long-term durability was
also characterized by monitoring the current density during continuous
hydrogen production under a constant overpotential of 1770 mV.

Modeling: The Vienna ab initio simulation package (VASP)P”l was
used to carry out first-principle calculations with the Perdew—Burke—
Ernzerhof exchange correlation.P® The electron—ion interaction was
described by the projector augmented wave pseudopotentialsi®® with
the kinetic energy cutoff of 370 eV. The binding energy is defined as
Ey, = E [FeS, + nH] — E[FeS, + (n — 1)H] — 4 E[H,], where E [FeS, + nH] is
the total energy of n hydrogen atoms adsorbed by the FeS, system and
E[H,] is the energy of a hydrogen molecule. Then the Gibbs free energy,
AG, for hydrogen adsorption can be calculated.[¥ Here it is simplified as
AG = E, + 0.25 eV owing to the rather weak dependence of the hydrogen
zero point energy in different adsorbed states.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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