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ABSTRACT: Hydrogen evolution reaction (HER) from water through electrocatalysis
using cost-effective materials to replace precious Pt catalysts holds great promise for clean
energy technologies. In this work we developed a highly active and stable catalyst containing
Co doped earth abundant iron pyrite FeS, nanosheets hybridized with carbon nanotubes
(Fe;_,Co,S,/CNT hybrid catalysts) for HER in acidic solutions. The pyrite phase of
Fe,_,Co,S,/CNT was characterized by powder X-ray diffraction and absorption spectros-
copy. Electrochemical measurements showed a low overpotential of ~0.12 V at 20 mA/cm?,
small Tafel slope of ~46 mV/decade, and long-term durability over 40 h of HER operation
using bulk quantities of FeyoCoy;S,/CNT hybrid catalysts at high loadings (~7 mg/cm?).
Density functional theory calculation revealed that the origin of high catalytic activity
stemmed from a large reduction of the kinetic energy barrier of H atom adsorption on FeS,
surface upon Co doping in the iron pyrite structure. It is also found that the high HER
catalytic activity of Fe;4Co, S, hinges on the hybridization with CNTs to impart strong heteroatomic interactions between CNT
and Fe(4Coy S, This work produces the most active HER catalyst based on iron pyrite, suggesting a scalable, low cost, and
highly efficient catalyst for hydrogen generation.

Feq,! Co, ,S,/ICNTHybrid Catalystfor Hydrogen Evolution

1. INTRODUCTION

Hydrogen could be an economic fuel used in electrochemical
cell for powering vehicles or electric devices. Producing
hydrogen fuel has attracted intense search for -effective
electrocatalysts for the hydrogen evolution reaction

active for HER. Nevertheless, much remains to be done to
understand the catalytic activity and improve catalyst synthesis.

Doping metal catalysts with additional metal atoms is an
important approach to enhance the activity of electrocatalysts.
In the past two decades, platinum metal alloyed with transition
metal has been demonstrated to be more efficient than pure

1-5 . .
(HER). Recently, researchers have investigated the platinum in methanol oxidation reaction (MOR) and oxygen

possibility of using earth abundant and inexpensive binary
metal sulfide,®™*® nitride,'* boride,”> and phosphide16 to
replace precious metal Pt as HER electrocatalysts. For
hydrogenase systems in nature, metal sulfur clusters with five
permanent ligands in a distorted octahedral ligation shell have
been proven to be the active sites for HER.'” Many efforts have
been taken to synthesize inorganic metal sulfur complexes and
solids to create analogous mimics of the active site. For
example, MoS, nanostructures supported on Au,’® graphene,'®
and carbon materials'”*® have been demonstrated to exhibit
high HER catalytic activity due to active edges of MoS, surface.
Other transition metal sulfides of tungsten, cobalt, 0712
1013 were also reported to be catalytically

nickel,’® and iron
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reduction reaction (ORR).ZI_24 Previous spectroscopic and
theoretical studies indicated that the enhancement of MOR and
ORR activity was attributed to the increase of charge transfer
from transition metal atoms to platinum, resulting in weaker
bonding of CO molecule and O, molecule adsorbed on Pt,
respectively.”>*® In HER, the catalytic capability exhibited a
strong dependence on the hydrogen adsorption energy and
kinetic energy barrier of hydrogen evolution pathway, which
could be varied by the type of atom or crystal phase exposed on
the surface of catalysts.”” Some studies demonstrated that HER
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activity of metal sulfide was improved by doIping other
transition metal but still was not good enough.'”'® In the
[Fe—Ni] hydrogenase case, theoretical calculation indicated
that the system fulfills the optimal hydrogen adsorption energy
condition of ~0 eV.*®*® Therefore, modifying the electronic
structure of metal sulfide materials by doping metal atoms
could be a key to optimize hydrogen adsorption energy and
enhance HER catalytic activity.

To date, the investigation of 3d transition metal
chalcogenides as HER electrocatalyst is still limited. Some
reports have demonstrated that metal chalcogenide thin films
were grown on glassy carbon or fluorine doped tin oxide
electrode and showed good electrocatalytic activity for
HER.">" Rational design of low-cost bulk quantities of iron
pyrite composites as large scale HER catalysts could lead to a
new series of catalytic materials for practical use. Although the
intrinsic conductivity of bulk iron pyrite is quite high (1 S/
em),* iron pyrite nanocrystal thin film has low conductivity
(107* S/cm), which is critical to the electrocatalytic perform-
ance>® Our recent studies have demonstrated that the
hybridization of the catalysts with nanocarbon materials such
as carbon nanotube and graphene can lead to reduced
overpotential and improved stability in electrocatalysis.*> >’
The enhancement of electrocatalytic performance was
attributed to increased surface area, enhanced charge transport,
and strong chemical bonding between inorganic electrocatalysts
and nanocarbon materials.

Here, we report scalable synthesis of highly active and stable
Co-doped iron pyrite (FeS,) electrocatalysts on carbon
nanotube (Fe,_,Co,S,/CNT) hybrid catalysts for HER. We
found that the electrocatalytic activities of Fe,_.Co,S,/CNT
hybrid catalysts are strongly related to Co doping ratio. The
Fe;9Coy;S,/CNT hybrid catalyst achieved the lowest over-
potential of ~0.12 V at 20 mA/cm?, a Tafel slope of ~46 mV/
decade, and excellent stability over 40 h in acid condition.
Density functional theory (DFT) calculation revealed that
sulfur in Fe;yCoy,;S, structure was responsible for the active
sites for proton adsorption and reduction. The detailed reaction
kinetic pathway and hydrogen adsorption energy of Fe,4Co S,
for HER catalysis were also elucidated.

2. EXPERIMENTAL SECTION

Preparation of Oxidized Multiwalled Carbon Nanotubes
(MWCNTs). MWCNTs (FloTube 9000, CNano Technology Ltd.)
were oxidized by a modified Hummers method.®® A 1 g portion of
MWCNTSs was purified by annealing process at 500 °C and washing
with 40 mL of diluted hydrochloric acid (10 wt %) to remove metal
residues and amorphous carbon. The purified MWCNTs were
repeatedly washed with water and then collected. After drying
overnight, ~23 mL of concentrated sulfuric acid was mixed with the
purified MWCNTs (~0.99 g) in a 250 mL round flask and stirred at
room temperature for 12 h. Subsequently, the round flask was heated
to 40 °C in an oil bath, followed by slow addition of ~100 mg of
NaNO; (99%, Sigma-Aldrich) and ~1 g of KMnO, (99%, Sigma-
Aldrich) (about the same as the mass of purified MWCNTS). After
stirring at 40 °C for 30 min, 3 mL of water was added, followed by
another 3 mL after 5 min. A 40 mL portion of water was slowly added
5 min later to keep the temperature below 45 °C. After 15 min, 140
mL of water was poured into the solution at room temperature,
followed by addition of 10 mL of 30% H,0, to stop the reaction after
10 min. The 1X oxidized MWCNTSs were collected, washed with
diluted HCl solution (S wt %) twice, and then water repeatedly until
pH is higher than or equal to S. The final suspension (in H,0) was
Iyophilized to get solid oxidized MWCNTS. The 2X and 4.5X oxidized
MWCNTSs were also following the above-mentioned procedures with
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adjusting the additional weight of KMnO, to 2 and 4.5 times in
comparison with the weight of MWCNTs, respectively.

Preparation of Fe,_,C0,S,/CNT Hybrid Catalysts. In a typical
synthesis of Fe;Co,S,/CNT, Feyg5C0g05S,/CNT, FeygCoy,S,/CNT,
Fe65C00345,/CNT, and Fe(3,C003S,/CNT hybrid catalysts, ~4 mg
of oxidized MWCNTs was sonicated in 8 mL of anhydrous N,N-
dimethylformamide (DMF) (99.8%, Acros) for 10 min, followed by
addition of 0.8 mL of 0.2 M iron nitrite (Fe(NO,);) (99%, Acros), 2
mL of 1 M thioacetamide (TAA) (99%, Sigma-Aldrich), and 0, 0.04,
0.08, 0.16, and 0.4 mL of 0.2 M cobalt acetate (Co(Ac),) (>98%,
Sigma-Aldrich) aqueous solution, respectively. The mixture was
vigorously stirred at 90 °C in an oil bath for 24 h. The suspension
was centrifuged and washed with H,O twice to remove residue with
no reacting, and then the precipitant was obtained. The precipitant
was redissolved into 8 mL of DMF. The suspension was heated to and
maintained at 180 °C for 5 h in an autoclave. After cooling down to
room temperature, the sample was collected, centrifuged, washed with
water, and finally lyophilized to get solid Fe,_,Co,S,/CNT hybrid
catalysts.

Materials Characterizations. Transmission electron microscopy
(TEM) and electron energy loss spectroscopy (EELS) mapping were
performed on a Philips Technai G2 (FEI-TEM) microscope operating
at 200 kV. The samples for the TEM analysis were prepared by
ultrasonically dispersing the hybrid materials in ethanol. XPS spectra
were recorded on a PHI 5000 VersaProbe system (ULVAC-PHI,
Chigasaki, Japan) using a microfocused (100 ym, 25 W) Al Ka X-ray
with a photoelectron takeoff angle of 45° and a 23.5 eV pass energy. A
drop of the suspension was applied onto a lacey carbon-coated copper
grid and then dried in air. Hard X-ray absorption spectroscopy (XAS)
spectra were collected at the beamline BL17C at National Synchrotron
Radiation Research Center (NSRRC), Hsinchu, Taiwan. The storage
ring of the electronic accelerator can supply the electronic energy of
1.5 GeV and the current operating at 360 mA. A Si(111) double
crystal monochromator was used to perform energy scan, of which the
parallelism can be adjusted to eliminate the high order harmonics. All
XAS data were recorded using the transmission mode. The ionization
chambers were applied as detectors to monitor the intensity of the
incident and transmitted beams through the specimen. The absorption
coefficient can be calculated from the logarithm of the intensity ratio of
the incident and transmitted beams. The reference Fe and Co metal
foils were positioned in front of the window of the third ionization
chamber and measured simultaneously as a standard for energy
calibration in each energy scan. The beam size was limited by the
horizontal and vertical slits with the area of 2 X 2 mm” during XAS
measurements.

Preparation of Sample for Electrochemical Measurement.
To prepare the Fe, ,Co,S,/CNT hybrids on RDE electrode, 1 mg of
hybrid was mixed with 190 L of water, SO 4L of ethanol, and 10 yL of
S wt % Nafion solution by at least 30 min sonication to form a
homogeneous ink. Subsequently, 20 uL of suspension was drop-dried
onto a glassy carbon electrode of S mm in diameter (loading of 0.40
mg/cm?, including CNTs). To prepare the hybrid materials on Ti foil
electrode, hybrid was dispersed in ~2 mL ethanol with 3 wt % PTFE
(from its 60 wt % water suspension, Aldrich). After sonication for 10
min, all suspension was drop-dried onto 1 cm X 1 cm Ti foil at 90 °C.
The electrode was further heated at 120 °C for ~20 min until fully dry.

Electrochemical Measurement. HER catalytic activity measure-
ment was performed in a standard three-electrode system controlled
by a CHI 760D electrochemistry workstation. Catalyst powders cast
on RDE or Ti foil were used as working electrode, graphite rod as
counter electrode, and saturated calomel electrode as reference
electrode. The reference was calibrated against and converted to
reversible hydrogen electrode (RHE). RDE electrode was constantly
rotating at 1600 rpm to get rid of the bubbles during the measurement.
Linear sweep voltammetry was carried out at 1 mV/s for the
polarization curves. Chronopotentiometry was measured under a
constant current density of 20 mA/cm? All polarization curves were
iR-corrected. The electrolyte was 0.5 M H,SO,, which has constant
pH of 0 over the course of the experiment. In addition, to estimate the
faraday yield, the hydrogen gas was collected by a microsyringes (1
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Figure 1. (a) HRTEM image and (b) XRD pattern of FeygCoy;S,/CNT hybrid catalyst. (c) HAADF-STEM images and EDS mapping of
Fey9Coy,;S,/CNT hybrid catalyst. (d) Normalized XANES spectra near Fe K-edge of the hybrid catalysts and Fe references. (e) Normalized XANES
spectra near Co K-edge of hybrid catalysts and Co reference. The Fe and Co K-pre-edges of the hybrid catalysts were shown in the inset of parts d

and e, respectively.

mL) and measured under ex-situ gas chromatography with TCD
detector.

3. RESULTS AND DISCUSSION

Synthesis and Characterization of Fe,_.Co,S,/CNT
Hybrid Catalysts. A series of Fe,_,Co,S,/CNT hybrid
catalysts were synthesized by a low-temperature solution-
phase reaction of iron nitrate, cobalt acetate, and thioacetamide
in N,N-dimethylformamide (DMF) suspension of mildly
oxidized carbon nanotubes (CNT), followed by a high-
temperature solvothermal process for crystallization of
Fe, ,Co,S, catalysts and reduction of CNT. We investigated
the morphology, structure, and composition of representative
Fey0C0y;S,/CNT hybrid catalyst (Figure 1). High-resolution
transmission electron microscopy (HRTEM, Figure 1la)
revealed that the Fe;oCog;S, catalyst exhibited nanosheet
morphology interconnected with CNT. Scanning electron
microscopy (SEM) images confirmed a two-dimensional
sheet-like morphology (Supporting Information Figure S1).
X-ray photoelectron spectroscopy (XPS) analysis of the
Fe;9Coy,S,/CNT hybrid catalyst exhibited an elemental
composition of Fe:Co:S close to 0.9:0.1:2 (see Supporting
Information). Powder X-ray diffraction pattern (Figure 1b) of
Fe(Coy,S,/CNT hybrid catalyst was consistent with a FeS,
pyrite standard pattern (JCPDS no. 42-1340) with planes
indexed to the (111), (200), (210), (211), (220), (311), and
(222) planes, respectively.

To further glean the structure of Fe;yCo,;S,/CNT hybrid
catalyst, high-angle annular dark-field scanning TEM (HAADF-
STEM) and selected area EDX mapping were performed,
revealing a homogeneous distribution of Fe, S, and C in the
catalyst (Figure 1c). X-ray adsorption spectroscopy (XAS) of
Fey9Cog,S,/CNT was performed to investigate the Fe and Co
bonding environment. Fe K-edge and Co K-edge X-ray
adsorption near-edge spectra (XANES) were obtained (Figure
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1d,e, respectively). By measuring the edge jump (Au) in
XANES spectra, we estimated a Fe/Co molar ratio ~0.9/0.1,
consistent with XPS result. The first derivatives of the Fe and
Co K-pre-edges (representing the electronic transitions from 1s
core level to unoccupied 3d or 4p, see inset of Figure 1d,e,
respectively) were close to the references of FeO (Fe**) and
CoO (Co®"), suggesting that the oxidation states of both Fe
and Co were +2 in the Fe;yCog;S,/CNT hybrid catalyst. The
bonding environment of Co atoms was investigated by Fourier
transformed k*-weighted extended X-ray absorption fine
structure spectra (EXAFS) at Co edge for the Fey,Coy;S,/
CNT hybrid catalyst. The results showed that only Co—Fe and
Co—S bonding but no Co—Co bonding was found and their
coordination numbers were estimated to be ~5.6 and ~S.1,
respectively (Supporting Information Table S1). The presence
of Co—Fe bonding with bond distance of 3.85 A indicated that
Co atoms were successfully doped into the crystal structure of
iron pyrite without phase separation. The coordination
numbers of Fe—Fe, Fe—Co, and Co—Fe bonding for
Fe(9Coy,S,/CNT hybrid catalyst are less than 12 for a bulk
iron pyrite material,> indicating the catalyst with nanodomains
formed from the synthesis process. When the Co content was
increased to 0.34 and 0.64 (from XANES of Co-edge in
Supporting Information Figure S3b), formation of cobalt
sulfide with pentlandite structure was observed, suggesting
phase separation in the hybrid catalysts*® likely related to lower
HER activity of the hybrid catalyst with higher Co content.
Hydrogen Evolution Reaction Activity of Fe,_,Co,S,/
CNT Hybrid Catalysts. Figure 2a showed that the HER
activities of Fe;_,Co,S,/CNT hybrid catalysts were evaluated
under acidic conditions (0.5 M H,SO,) in a typical three-
electrode configuration to compare with a commercial Pt/C
catalyst (Fuel Cell Store, 20 wt %). For Fe,_,Co,S,/CNT
catalysts (x = 0, 0.05, 0.1 0.34, and 0.63, measured by X-ray
absorption spectra), an optimal HER catalytic activity was
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Figure 2. (a) Polarization curves obtained with a series of Fe,_,Co,S,/
CNT hybrid catalysts as indicated and (b) corresponding Tafel plots
recorded on glassy carbon electrodes with Fe,oCo,;S,/CNT hybrid
catalyst and Pt/C catalyst loading of 0.4 mg/ cm? (including the mass
of CNT (~30 wt %)). Each dashed line is the fitting slope of the
corresponding Tafel plot.

obtained when x = 0.1 with the lowest onset potential (~0.09
V) and a rapid cathodic current increase at high biases (Figure
2a). Increasing or decreasing Co doping ratio (compared to x =
0.1) led to lower activity of the Fe,Co,_,S,/CNT hybrid
catalysts. In comparison, Pt/C afforded onset potential of near
0 V for HER catalysis. The linear parts of the Tafel plots
(Figure 2b) revealed Tafel slopes of ~30 and ~46 mV/decade
for Pt/C and Fey9Cog,;S,/CNT hybrid catalyst, respectively.
The ~46 mV/decade Tafel slope of Fe;yCoy,;S,/CNT hybrid
catalyst was the smallest measured to date for FeS, catalysts."

Activity and Stability of Hybrid Catalysts for HER.
Catalyst stability was investigated by continuous cyclic
voltammetry (CV) on glassy carbon substrate in the voltage
range of 0 and —0.4 V versus RHE at a constant scanning rate
of 50 mV/s over 1000 cycles without iR compensation (Figure
3a). No change in the polarization curve of Fe;,Coy;S,/CNT
hybrid catalyst after 1000 cycles was observed, suggesting stable
HER electrocatalysis of the material in acid. Toward practical
electrolyzers, we investigated HER performance of our
Fe(9Cog,;S,/CNT hybrid catalyst under high loadings onto
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Figure 3. (a) Stability test for HER of the Fey4Cog,;S,/CNT hybrid
catalyst. Negligible HER current was lost after 1000 cycles. (b)
Polarization curves recorded on Ti foil with high amount loading of 1,
3, and 7 mg/cm’ (including the mass of CNT (~30 wt %)). (c)
Current versus time during the long term (40 h) with a constant
potential (—0.12 V) electrolysis of FeoCoq;S,/CNT hybrid catalysts
on Ti foil with loading of 7 mg/ cm?.
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titanium foils. The Fey9Co,;S,/CNT hybrid catalyst loaded up
to 7 mg/cm’” (including the mass of CNT (~30 wt %)) on Ti
foil could achieve high HER current densities of 20 and 100
mA/cm?® at low overpotentials of 0.12 and 0.17 V, respectively
(Figure 3b). To calculate the turnover frequency (TOF) of the
Fe(4Coy,S,/CNT hybrid catalyst, we measured the surface area
of our hybrid material to be ~80.1 m* g~' by Brunauer—
Emmett—Teller (BET) measurement. On the basis of the
surface area, the turnover frequency (TOF) was calculated to
be 0.31 s™! at an overpotential of 170 mV, assuming all the
surface sulfur sites were participating in the HER catalysis (see
Supporting Information for detailed calculations). Also, the
Faraday yield of hydrogen production was then calculated. The
yield was almost over 99% during 10 min of electrolysis (see
Supporting Information Figure S12). In addition,
Fe(9Coy,S,/CNT hybrid catalyst was able to maintain a stable
HER current density at ~20 mA/cm” for ~40 h at a constant
voltage of —0.12 V versus RHE in 0.5 M H,SO, (Figure 3c).
With the excellent activity, stability, cost-effectiveness, and
corrosion-resistance, the Fe;9Coy;S,/CNT hybrid catalyst
holds promise as a new HER catalyst to replace precious Pt
catalyst for various applications such as PEM water electrolysis.

Role of Carbon Nanotube of Electrocatalytic Activity
Enhancement: Electrical Conductivity. To study the
catalytic activity of hybrid catalysts affected by conductivity of
CNT, samples of Fey9Co,,;S, hybridized with CNT with
different oxidation degrees (IXCNT, 2XCNT, and 4.5XCNT,
by using different KMnO, oxidizer to C mass ratios of 1, 2, 4.5
in a modified Hummers method, respectively, see Supporting
Information for details) were obtained. Figure 4a showed that
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Figure 4. (a) Polarization curve obtained with the Fe;yCoy,;S,/CNT
with different oxidation degrees (1XCNT, 2XCNT, and 4.5XCNT).
(b) Polarization curve obtained with the Fe,yCoy;S,/CNT and
Fey9Coy,S,/rGO hybrid catalysts.

Fey9C04;S,/CNT (1X: lowest oxidation degree) hybrid
catalyst exhibited the best HER catalytic activity. With the
increase of oxidation degree of CNT, the hybrid catalysts
resulted in lower HER catalytic activity of the final product, due
to that excessive oxidation destroyed the electrical conductivity
of nanotubes desired for electrocatalysis according to Nyquist
plot analysis (see Supporting Information Figure $10).>* For
comparison, the Fe,,Coy;S, with no CNTs prepared under
identical synthesis condition exhibited very low HER catalytic
activity. The synthesis of Fe;yCoy;S, with no CNT afforded
nanoparticle morphology (see Supporting Information Figure
S6) instead of nanosheet on CNTs, suggesting the mildly
oxidized CNTs served as nucleation and growth substrate for
Fe(9Coy,S, and in turn affected the growth morphology. The
sheet-like morphology provided abundant edges that could
serve as active sites for HER catalysis, as in the case of MoS,
and WS, 674142

DOI: 10.1021/ja511572q
J. Am. Chem. Soc. 2015, 137, 1587—1592


http://dx.doi.org/10.1021/ja511572q

Journal of the American Chemical Society

The catalytic activities of the Fe,9Coy;S,/reduced graphene
oxide (rGO) hybrid catalysts prepared under solvothermal
synthetic process (see Supporting Information) were measured
in comparison with that of Fe;yCo,;S,/CNT hybrid catalysts
as shown in Figure 4b. We found that the HER activity of
Fe(9Coy,S,/CNT hybrid catalysts was much better than that of
Fe(9Cog,;S,/rGO hybrid catalysts. These results suggested that
the enhancement of electrocatalytic HER activity strongly
depended on the nanocarbon materials used for the hybrid
catalysts.*>** Our previous studies indicated that that nonpre-
cious Co;0,—N doped reduced graphene hybrid catalyst
exhibited high ORR electrochemical performance due to the
formation of interfacial covalent Co—O—C and Co—N-C
bonds in the Co;0,—graphene hybrid.** Bond formation
between inorganic nanocatalysts and the underlying carbon
support could change the chemical bonding environment for
carbon, oxygen, and metal atoms in the hybrid material,
resulting in enhancing catalytic activity. Overall, our results
suggested that the advantages of hybrids of multiwalled CNT
and Fe(yCo,,S, are the ability of mildly oxidizing the outer
walls of nanotubes for generating abundant functional groups
and defects needed for nucleation and growth of nanoparticles
while maintaining sufficiently high electrical conductivity of
nanotubes through the relatively undamaged inner tubes.

Role of Cobalt-Doping of Electrocatalytic Activity
Enhancement: DFT Calculation. To understand the Co
doping effect on catalytic activity of iron pyrite-CNT for HER,
we investigated the detailed HER pathways on the FeS,—CNT
and Fey4Co,;S,—CNT catalysts by DFT calculations (see
Supporting Information for calculation details). The reaction
pathway in acid solution mainly involved proton adsorption
and reduction on the catalyst surface to form hydrogen atom
adsorbed on catalyst edge, followed by H, formation and
desorption on the catalyst edge (Figure 5a)."”*” Through DFT
calculation, the sulfur atom on the edge of iron pyrite catalyst
was found to be the HER active site (see Supporting
Information). Both FeS,—CNT and Fey4Co,;S,—CNT
surfaces showed only slightly higher hydrogen adsorption
energy (Ey) and similar hydrogen molecule adsorption energy
(Epp) compared to Pt (111) surface (Figure Sb), demonstrating
the highly active nature of iron pyrite catalysts in stabilizing
HER intermediate and releasing H, gas.

According to previous reports, the HER activity of platinum
catalysts is also related to the kinetic energy barrier of hydrogen
evolution pathway.””*® To understand the mechanism of
improved activity by Co incorporation, we further investigated
the kinetic energy barrier profiles of HER on FeS,—CNT and
Fey4C0;S,—CNT slabs by DFT (Figure Sc). The energy
barrier for transition state 1 (TS1) of hydrogen atom
adsorption (H,y, + H,g,) on the FeyCoy;S,—CNT slab was
found to be 1.23 eV, which was significantly lower than that on
FeS,—CNT (1.62 eV). The bond length of H—S on § site of
FeS,—CNT (110) was also estimated to 1.361 A, shorter than
1.365 A on the S site of FeyoCop;S,—CNT (110) (see
Supporting Information). The longer bond length of H—S on
Fey9Coy;S,—CNT (110) created a situation in which the
sulfur—hydrogen bonds on Co-doped iron pyrite were
weakened such that a hydrogen atom could approach the
active site to form a H—H bond more effectively. Overall, iron
pyrite catalysts exhibited suitable adsorption energy for H,
evolution, and Co doping could further lower the kinetic
energy barrier by promoting H—H bond formation on two
adjacently adsorbed H,g,.
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sulfur atom of FeygCoy,S, edges in acid environment. (B) The
adsorption energy of H atom and H, molecule on FeS, (110),
Fey9Co;S, (110), and Pt (111) catalyst calculated by DFT
simulation. (C) The kinetic energy barrier profiles of hydrogen
evolution reaction on FeyqCoy;S, (top) and FeS, (down) catalysts.

4. CONCLUSIONS

In summary, we have developed a scalable synthesis of
Fe;9Coy S, nanosheets—CNT hybrid catalysts via a facile
solvothermal approach. With moderate Co doping ratio and
excellent electrical coupling to the underlying carbon nanotube,
the Fey9Coy;S,/CNT hybrid catalyst exhibited high HER
activity with low overpotential of ~0.12 V (20 mA/cm?® at a
loading of 7 mg/cm?), small Tafel slope of ~46 mV/decade
and high long-term durability in acid solutions. According to
DEFT results, Co doping into FeS, catalyst reduced the energy
barrier for transition state 1 (TS1) of hydrogen atom
adsorption. The Fey9Coy;S,/CNT hybrid catalyst could be
promising to replace precious metal catalysts for clean H,
production in practical applications.
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