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ABSTRACT

In order to obtain better electrocatalytic hydrogen evolution performance, Fe3Ss with different morphologies was

synthesized by controlling the reaction conditions. During that progress, the ferric oleate as an iron source, and the sulfur

powder dissolved in oleylamine as a sulfur source. Fe3S4 with particle morphology proved to have the best electrochemical

catalytic activity after adding 40% carbon black. In dehydrogenation, the overpotential was 234 mV and the Tafel slope

was 213 mV/dec at a current density of 10 mA/cm?. Meanwhile, FesSs with a particle morphology exhibited superior

electrochemical stability. Therefore, the controllably fabricated FesS4 with a particle morphology is a promising electro-

catalyst for dehydrogenation.
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1. Introduction

Electrochemical water splitting to produce hydrogen is a stable and
efficient hydrogen-production method, which opens up a new path to
solve the world energy problems and global environmental problems!*21,
At present, the most efficient electrocatalyst for hydrogen production is
precious metal platinum, but the reserves of Pt are limited and its price
is expensive. It is important to find other cheap substances as efficient
catalysts to replace Pt. Transition metals have large reserves on earth,
low mining difficulty, and low price. Nanocrystals, transition metal
semiconductor, have attracted more and more attention because of their
small size, high specific surface area, good catalytic activity, controlla-
ble morphology, stability, and other advantages. Moreover, transition
metal semiconductors have different valence states and rich electrons in
the outer layer. Thus, they are ideal electrocatalytic active catalysts. In
recent years, many transition metal-semiconductor materials, such as
transition-metal sulfidel®, nitride®®!, carbide!®, phosphidel™, have been
widely concerned and studied because of their catalytic properties sim-
ilar to precious metal catalysts and low price. FesS4 nanocrystals with
different morphologies were synthesized by controlling the reaction
conditions, using ferric oleate as an iron source, the sulfur powder dis-
solved in oleamine as a sulfur source. The results show that FesSs nano
crystals with Fe:S = 1:4 adding 40% carbon black have the best electro-
catalytic dehydrogenation properties. When the current density reaches
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10 mA/cm?, the overpotential is 235 mV and the
Tafel slope is 213 mV/dec. Besides, the sample also
has excellent stability. This is because the nanocrys-
tals fabricated under the condition of Fe:S = 1:4 have
more edge positions, so more catalytic active sites
can be exposed. At the same time, the introduction
of carbon black improves the catalytic ability of the
catalyst and makes the catalyst have excellent cata-
lytic dehydrogenation propertiest®17,

2. Experimental method

Add 120 mmol of ferric oleate, 70 mL of n-hex-
ane, 40 mL of ethanol, 30 mL of distilled water, and
40 mmol of FeCl; 6H,O into a 500 mL three-
neck bottle at the same time. Insert a stirring paddle,
stir vigorously for 24 hours, pour it into a separatory
funnel, stand and remove the turbid liquid in the
lower layer. Wash the brown solution in the upper
layer with 80 °C distilled water many times until the
liquid in the lower layer is clear and transparent.
The brown liquid in the upper layer was rotated, and
then it evaporated to obtain the viscous ferric oleate
complex. Add 6 mmol of sulfur powder into a head-
space injection bottle containing 6 mL of oleamine
(OLA), place it into 80 °C water, and inject argon
until all the sulfur powder is dissolved to form a uni-
form liquid, named OLA-S. Accurately weigh 1
mmol of ferric oleate complex into a 100 mL three-
neck bottle, add 10 mL of 1-Octadecene and 20 mL
of oleamine, and dissolve it by ultrasound. Heat the
above liquid rapidly to 120 °C, and maintain it in a
vacuum for 1 h at this temperature to remove
low boiling impurities in the mixed liquid. Then
quickly inject 1 mL OLA-S or 4 mL OLA-S into the
liquid and quickly heat it to 220 °C. The FesS4 nano-
crystals obtained at different reaction times were ab-
sorbed by syringe, and the obtained samples were
washed many times with n-hexane as dispersant and
ethanol as precipitant. Because there are a large num-
ber of organic ligands on the surface of Fe3S4 nano-
crystals, which have a great impact on electrocata-
Iytic properties, removed the ligands from the
washed FesS4 nanocrystals. Mix 1 M hydrazine hy-
drate with 5 mg/mL Fe3S4 nanocrystals n-hexane dis-
persion at a volume ratio of 1:1, stir continuously for

12 h, and then wash the treated FesS4 nanocrystals
many times to obtain ligand-free FesS4 nanocrystals.

3. Results and discussion

3.1 Structural characterization of the Fe3S4
nanocrystals

The morphology of FesSs nanocrystals fabri-
cated at different reaction times under two-iron sul-
fur ratios was observed by TEM (Figure 1). When
the reaction lasted for 15 min with Fe:S = 1:4, it
shows in Figure 1(a) that FesSs nanocrystals have
uneven size, poor dispersion, and irregular shape.
When the reaction lasted for 60 min, it shows in Fig-
ure 1(b) that the fabricated FesSs nanocrystals have
regular morphology, uniform size, and good disper-
sion. The size of nanocrystals is about 50 nm, and
clear lattice stripes can be seen from HRTEM (Fig-
ure 1(c)), indicating that the nanocrystals have good
crystallinity. Meanwhile, the lattice spacing of 0.17
nm corresponds to the (440) crystal surface of the
FesS4. When the reaction lasted for 120 min, no small
particles were observed, but slices appeared, and the
degree of uniformity and dispersion decreased (Fig-
ure 1(d)). When Fe:S = 1:1, for the sample taken at
30 min (Figure 2(a)), it can be observed that the gen-
erated FesSs nanocrystals are large slices of about
100 nm arranged by many small slices. When the re-
action lasted for 60 min (Figure 2(b)), the synthe-
sized nanocrystals still maintained the slice
shape, but the size of the slice increased by more than
100 nm. When the reaction lasted for 120 min (Fig-
ure 2(c)), it was observed that the nanocrystals re-
mained in slice shape and their size continued to in-
crease, which is more than 200 nm. A small number
of small slices are about 50 nm. Serious aggregation
occurred in both sizes of slices. Therefore, whether
Fe:Sis 1:4 or 1:1, the nanocrystals have the best mor-
phology when the reaction lasts for 60 min.

When Fe:S = 1:4, a wafer with a size of about
50 nm was fabricated at 60 min. When Fe:S =1:1, a
wafer with a size greater than 100 nm was obtained
in 60 min. In order to further analyze these two dif-
ferent morphologies of FesSs nanocrystals, the fol-
lowing characterization is nanocrystals fabricated
under the above two conditions.



(a) 15 min

(¢) HRTEM image at 60 min

(d) 120 min

Figure 1. TEM images of FesS4 (1:4) nanocrystals in different reaction time.
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(a) 30 min

(b) 60 min

(¢) 120 min

Figure 2. TEM images of FesS4 (1:1) nanocrystals in different reaction times.
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Figure 3. XRD pattern of two different types FesS4 nanocrys-
tals.

The X-ray diffraction pattern (XRD) of FesSa
nanocrystals fabricated under Fe:S = 1:4 and Fe:S =

1:1 is shown in Figure 3. They have the same dif-
fraction angle. When the diffraction angle is 29.9<

36.3<47.8<and 52.3< it corresponds to (311), (400),
(511) and (440) crystal planes of cubic phase FesSa
(JCPDS Card: No. 89-1998) respectively, which
shows that FesS, fabricated in two proportions is a
pure phase. Their diffraction peaks are strong, and it
indicates that the fabricated samples have good crys-
tallinity, which is consistent with the results of TEM.

In order to deeply study the composition and
electronic state of FesSs nanocrystals, the FesSa
nanocrystals fabricated under the conditions of Fe:S
=1:4 and Fe:S = 1:1 were tested by XPS. The XPS
diagram of FesS, nanocrystals at Fe:S = 1:4 is shown
in Figure 4. Figure 4(a) shows the full spectrum of
FesS4 nanocrystals, revealing that FesSa nanocrystals
are composed of Fe and S. The XPS diagram of S 2p
shows that when binding energy located at 162.8 eV
and 161.6 eV, the XPS peaks correspond to S 2p 1/2



and S 2p 3/2, indicating that S in FesS,; nanocrystals
exists in the form of S?°. At the same time, the XPS
peak also appeared at 68.8 eV, which may attributed
to the oxidation of S by oxygen in the air to form
S04, as shown in Figure 4(b). It observed that

there were no obvious peaks of Fe 2p 1/2 and Fe 2p
3/2, which may be due to the small size of the fabri-
cated FesS; nanocrystals, as shown in Figure 4(c).
The spectrum of C 1s is shown in Figure 4(d).

Intenslty /a.u.

Intenslty /a.u.

162 165 168 171 174
Binding energy /eV
(b) The spectrum of S 2p

Cls

1 " i i "

282 285 288 291 294
Binding energy /eV
(d) The spectrum of C 1s

Figure 4. XPS spectra of FesSa (1:4) nanocrystals.

=
«©
2
5
=
0 200 400 600 800 1000 1200
Binding energy /eV
(a) Full spectrum
Fe 2p1/2
A Fe 2p3/2
=
«
=y
)
54
E
708 712 716 720 724 728 732
Binding energy /eV
(¢) The spectrum of Fe 2p
S
«
z
g
=
0 200 400 600 800 1000 1200
Binding energy /eV
(a) Full spectrum
Fe 2pl1/2
Fe 2p3/2
S
(]
=
«n
s
=

704 708 712 716 720 724 728 732 736 740
Binding energy /eV
(c) The spectrum of Fe 2p

=
<
=
2
2
|
160 165 170 175
Binding energy /eV
(b) The spectrum of S 2p
=
«
2
)
g
=

280 284 288 292
Binding energy /eV
(d) The spectrum of C 1s

Figure 5. XPS spectra of FesSa (1:1) nanocrystals.
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The XPS spectra, full spectra, and spectra of
various orbits of FesSs nanocrystals with Fe:S = 1:1
are similar to those of Fe:S =1:4, as shown in Figure
5. It is shown in Figure 5(c) that the XPS peak of Fe
2p is significantly enhanced, which may be
caused by the increase of the size of FesS4 nanocrys-
tals fabricated at this ratio. When the binding ener-
giesare at 723.9 eV and 710.3eV, the XPS peaks cor-
respond to Fe 2p 1/2 and Fe 2p 3/2 respectively,
indicating that the valence states of Fe are Fe?* and
Fed*.

There are a large number of organic ligands on
the surface of nanocrystals fabricated by high-tem-
perature thermal decomposition, which will have a
great impact on the use of nanocrystals in electroca-
talysis. Organic ligands hinder the electron transmis-
sion and the exposure of active sites, so it is neces-
sary to treat the organic ligands on the surface of
nanocrystals. In this paper, hydrazine hydrate is used
to eliminate the ligands on the surface of nanocrys-
tals. In order to detect whether the organic ligands on
the surface of nanocrystals are eliminated, they
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can be detected by infrared spectroscopy. The infra-
red spectra of FesSs nanocrystals fabricated in two
proportions before and after treatment with hydra-
zine hydrate are shown in Figure 6. It is shown in
Figure 6 that before hydrazine hydrate treatment, the
infrared spectrum of the sample shows several obvi-
ous characteristic peaks, including C-H stretching vi-
bration peak at 2850 ~ 3000 cm™, C=C bending vi-
bration peak at 1621 cm™, and -CHsz bending
vibration peak at 1436 cm™. These characteristic
peaks are the characteristic peaks of oleamine mole-
cules. It shows that there are many oleamine mole-
cules on the surface of the sample before treatment.
However, after hydrazine hydrate treatment, these
characteristic peaks disappear, indicating that after
hydrazine hydrate treatment, oleamine molecules on
the sample surface are effectively removed, which
greatly improves the electrocatalytic performance of
the sample. This is mainly due to the improvement
of the conductivity of the sample and the exposure of
a large number of active sites.
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Figure 6. FTIR spectra of FesS4 nanocrystals.

3.2 Electrocatalytic dehydrogenation proper-
ties of Fe3S4 nanocrystals

In order to evaluate the electrocatalytic proper-
ties of treated FesS4 nanocrystals, the electrocatalytic
dehydrogenation property was tested. The test adopts
a three-electrode system. The first is the preparation
of the working electrode: accurately weigh 5 mg of
FesS. nanocrystalline powder, add different mass
fractions of carbon black. Add 1 mL of mixed liquid
of ethanol and distilled water (Vethanol: Vdistilled water =
1:4), and then add 20 pL naphthol, and then ultra-

sonic the mixed liquid to evenly disperse the nano-
crystals and carbon black in the liquid. Suck 10uL of
mixed liquid with a micro syringe and drop it on the
glassy carbon electrode. Carbon rod for counter elec-
trode, saturated calomel electrode for reference elec-
trode, and 1 M KOH solution for electrolyte.

The samples fabricated at Fe:S = 1:4 were
added with carbon black of different quality to ex-
plore the influence of carbon black content in the
mixture on catalytic property, as shown in Figure 7.
It is shown in Figure 7 that when the content of car-
bon black accounts for 40% of the total mass, it has



the best catalytic ability. That is, when the current
density is 10 mA/cm?, the overpotential is 235 mV.
This is because carbon black improves the conduc-
tivity of catalyst. In other words, it speeds up the
transmission of electrons and improves the catalytic
activity. If the content of carbon black is too high,
the content of catalyst decreases, that is, the catalytic
active site decreases. When the content of car-
bon black decreases, the conductive energy de-
creases relatively, and an appropriate amount of car-
bon black will improve the catalytic capacity of the
catalyst.
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Figure 7. HER polarization curve of FesSs nanocrystals with
different contents of black carbon.
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In order to explore the effect of different pro-
portions of FesS, nanocrystals on the catalytic per-
formance, carbon black of the same quality (i.e. car-
bon black accounts for 40% of the total mass) was
added to the two proportions of FesSs nanocrystals
for electrocatalytic dehydrogenation test (Figure 8).
As can be seen from Figure 8(a), when the current
density is 10 mA/cm?, the overpotential of FesS,
nanocrystals with Fe:S = 1:4 is 235 mV, while the
overpotential of FesS, nanocrystals with Fe:S = 1:1
is 268 mV, which is greater than the former. This is
mainly due to the small size and large specific sur-
face area of FesS4 nanocrystals fabricated under the
condition of Fe:S = 1:4. In this way, more catalyti-
cally active sites can be exposed, thus improving the
electrocatalytic ability. In order to further compare
the catalytic performance of the two, the Tafel slope
is fitted. As can be seen from Figure 8(b), when Fe:S
= 1:4, the Tafel slope of FesSs nanocrystals is 213
mV/dec, while when Fe:S = 1:1, the Tafel slope of
FesSs nanocrystals is 267 mV/dec. This also shows
that FesSs nanocrystals fabricated under the condi-
tion of Fe:S = 1:4 have excellent electrocatalytic
ability.
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Figure 8. Properties of FesS.nanocrystals with different morphologies (all doped with w = 40% balck carbon) .
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Figure 9. Particle morphology for FesSsnanocrystals.



The capacitance test of electrocatalyst is an-
other index to evaluate the property of hydrogen evo-
lution catalyst. The cyclic voltammetry curves of
FesSa4 nanocrystals fabricated under the condition of
Fe:S = 1:4 at different scanning speeds (20 ~ 200
mV/s) show in Figure 9(a). Then the difference of
current density corresponding to each cyclic voltam-
metry line is intercepted at 80 mV, and the obtained
points are fitted to obtain Figure 9(b). According to
Figure 9(b), the capacitance of the sample is calcu-
lated as 13.5 mF/cm?, which shows that FesS4 nano-
crystals fabricated under the condition of Fe:S = 1:4
have large electrochemical active area and good
electron-transport ability.

Electrochemical stability is an important evalu-
ation parameter of the electrocatalyst. The stability
of FesS4 nanocrystals fabricated under the condition
of Fe:S =1:4 was tested (Figure 10). It shows in Fig-
ure 10 that after 1,000 cycles of cyclic voltammetry
polarization curve test, the sample is very similar to
the polarization curve of the first cycle, which shows
that the FesS, nanocrystals prepared under the con-
dition of Fe:S = 1:4 have excellent electrochemical
stability.
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Figure 10. LSV curves of FesS4 nanocrystals with particle
morphology.

4. Conclusions

In this paper, FesS4 nanocrystals with different
morphologies were fabricated by high-temperature
thermal decomposition method, controlling the pro-
portion of Fe:S and using ferric oleate as the iron
source and sulfur powder dissolved in oil amine as a
sulfur source. When Fe:S = 1:4 and the reaction time
was 60 min, circular FesSa4 nanocrystals with a size
of about 50 nm were fabricated. When Fe:S = 1:1

and the reaction time was 60 min, slice FesS. nano-
crystals with a size greater than 100 nm were fabri-
cated. A series of electrochemical tests show that the
FesSs nanocrystals fabricated at Fe:S = 1:4 mixed
with 40% carbon black have excellent electrocata-
Iytic properties, that is, when the current density is
10 mA/cm?, the overpotential is 235 mV, the Tafel
slope is 213 mV/dec, and also have excellent electro-
chemical stability. It is because nanocrystals can ex-
pose more catalytic active sites and carbon black can
improve the electron transport capacity of the cata-
lyst. Therefore, the catalyst shows excellent electro-
catalytic dehydrogenation properties.
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