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Ultrasmall Cu,S,@MoS, Hetero-Nanoframes with Abundant Active
Edge Sites for Ultrahigh-Performance Hydrogen Evolution
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Yu Huang, Leyu Wang,* and Yadong Li

Abstract: Increasing the active edge sites of molybdenum
disulfide (MoS,) is an efficient strategy to improve the overall
activity of MoS, for the hydrogen-evolution reaction (HER).
Herein, we report a strategy to synthesize the ultrasmall donut-
shaped Cu,S,@MoS, hetero-nanoframes with abundant active
MoS, edge sites as alternatives to platinum (Pt) as efficient
HER electrocatalysts. These nanoframes demonstrate an ultra-
high activity with 200 mA cm™? current density at only 206 mV
overpotential using a carbon-rod counter electrode. The
finding may provide guidelines for the design and synthesis
of efficient and non-precious chalcogenide nanoframe cata-
lysts.

The hydrogen-evolution reaction (HER), as a fundamental
step of electrochemical water splitting, always requires an
efficient and cost-effective catalyst to achieve fast kinetics for
practical applications.!! Platinum (Pt) has been identified as
the most active HER catalyst, whereas its low abundance and
high cost hinder the large-scale application.””! Nanostructured
molybdenum disulfide (MoS,) has been widely investigated as
a promising and inexpensive alternative to platinum for
HER.P Both experimental” and computational® studies
have suggested that the catalytic activity of MoS, is localized
to rare edge sites of the layered structure.’! That is, the
unsaturated sulfur atoms on the edges play a crucial role in
HER catalysis.'l To this end, various strategies have been
employed to engineer nanostructured MoS, to improve the
number of exposed edge sites for enhanced HER activity."!
For example, chemical exfoliation,””! growing MoS, on various
supports,’ and template methods!” have been devoted to the
fabrication of few/mono-layer MoS, nanostructures with large
active sites.

Recently, amorphous MoS, has also drawn the scientists’
attention as efficient catalysts for HER because it contains
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many active unsaturated sulfur atoms."”! However, the poor
crystallinity of the amorphous sulfide leads to relatively high
solubility and poor electrochemical stability in the acid
electrolyte, which limits their practical implications. There-
fore, the development of MoS, nanocatalysts owning both
abundant active edge sites and good crystallinity is an
effective approach to simultaneously achieve high HER
activity and long-term stability. Despite great progresses,
controllable synthesis of ultrasmall MoS, with abundant
active edge sites and good crystallinity towards high HER
activity and high stability still remains as a great challenge.
Herein, we report a facile strategy to synthesize the highly
active and stable ultrasmall donut shaped Cu,S;@MoS,
hetero-nanoframes with abundant active MoS, edge sites for
HER. These nanoframes achieved a current density of
200 mA cm 2 at an overpotential of 206 mV, a Tafel slope of
48 mV/decade, and excellent stability over 5000 cycles in 0.5M
of H,SO, media.

The Cu;S,@MoS, nanoframes were prepared by hot-
injection where the lab-made Mo-based precursors were
injected to the as-prepared Cu,;S, nanoparticles (NPs)!!
colloidal solution while maintaining the temperature at
300°C for 10 min (see Supporting Information for details).
Transmission electron microscope (TEM) images revealed
that a heterostructure nanoframe (Figure 1a) with uniform
shape and size was formed after the addition of Mo-based
precursors to the as-prepared Cu,S, colloids (Figure 1b)
where the main body of Cu,S, has been etched. The high-
resolution transmission electron microscope (HRTEM)
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Figure 1. TEM (a,b), HRTEM (c,d) images, XRD patterns (e) and ele-
mental mapping (f) of Cu;S,@MoS, nanoframes (a,c—f) obtained after
treatment at 300°C for 10 min, and of Cu,S, (b,e).
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image (Figure 1c,d) and X-ray diffraction (XRD) patterns
(Figure 1e) evidenced the presence of Cu,;S, (JCPDS No. 23-
0958) and MoS, (JCPDS No. 73-1508) in the nanoframe.
Compared to the XRD pattern of Cu,S,, the strong diffraction
peaks of Cu,;S, dramatically weakened in the pattern of
nanoframes, suggesting the etching of Cu;S, and growing of
MoS,. The formation of MoS, was also confirmed through the
appearance of typical absorption around 650 nm of MoS,
nanocrystals''? and the disappearance of the localized surface
plasmon resonance (LSPR) peak around 1500 nm of Cu,S,
nanoparticles™!! (Figure S1 in the Supporting Information). It
is noteworthy that sulfur is necessary in the Mo-based
precursor solution for the fabrication of Cu,S,@MoS, nano-
frames. Without it we do not obtain the nanoframe structure
(Figure S2). In addition, HRTEM images also indicated that
the newly formed MoS, nanosheets, a few layers thick (1-3
layers), with an average length of 5.2 + 1.3 nm were distrib-
uted at the edge of Cu,S,. Meanwhile, the width of the MoS,
nanosheets is very narrow, just a few of nanometers. The
resolved lattice fringes of MoS, (002) planes with an
interplanar spacing of 0.62 nm and Cu,S, (1821) planes with
an interplanar spacing of 0.29 nm were clearly revealed
(Figure 1d). The elemental mapping indicated a relatively
homogenous distribution of each element along the nano-
frame (Figure 1f). The chemical states of Mo, Cu, and S
elements in the Cu,S,@MoS, nanoframe were further con-
firmed via X-ray photoelectron spectroscopy (XPS) analysis
(Figure S3). To enhance the catalytic activity, many nano-
catalysts have been fabricated into nanoframes to greatly
expose the active crystal facets, but they were mainly alloys or
noble-metal nanostructures."*"*) The donut shape of our
nanoframes with increased exposure of edge sites is believed
to be beneficial for the catalytic performance in the HER.

The catalytic performance of these nanoframes was
evaluated in terms of the abilities for H, production and the
stability. The HER stability tests were carried out in H,-
saturated 0.5m H,SO, by performing linear scan with applied
voltage potential ranging from 036V to —0.44 V versus
reversible hydrogen electrode (RHE), and all data were
reported with iR compensation. All the catalyst-modified
working electrodes were activated by cyclic voltammetry
(CV) scanning for 11000 cycles with carbon counter electrode
before the electrocatalytic tests. The saturated calomel
electrode (SCE) was used as the reference electrode and
calibrated with respect to RHE (Experimental section, Fig-
ure S4). In addition, commercial Pt benchmark (20 % Pt/C)
was also used as control experiments. As expected, Pt/C
shows superior HER activity with negligible overpotential
(Figure 2a). The nanoframes show an overpotential as low as
133 mV at 10 mAcm? with a Tafel slope of 48 mVdec™
(Figure 2b) and further increasing overpotential would
cause a rapid rise of cathodic current (200 mAcm 2 with
overpotential of 206 mV), suggesting the nanoframes have
high performance for HER. As shown in Figure S5, if the
nanoframe loaded working electrode was activated by CV
scanning for 11000 cycles with Pt wire counter electrode, at
the current density of 10 mAcm™2, the overpotential was
decreased from 133 to 26 mV, demonstrating a better catalytic
activity than that of commercial 20 % wt Pt/C. During the
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Figure 2. a) Polarization curves obtained on bare glass carbon (GC)
electrode and modified GC electrodes with 20% commercial Pt/C,
Cu;S,@MoS, nanoframes, pure MoS, nanosheet, and pure Cu,S, NPs.
Catalyst loading is about 0.28 mgcm 2 for all samples. Sweep rate:

10 mVs™". b) Corresponding Tafel plots. c) Chronoamperometric
responses (j—t) tested on as-prepared Cu,S,@MoS, nanoframes at

a constant applied potential of —0.19 V versus RHE. d) Durability test
for the nanoframes with 5000 cycles from +0.36 to —0.44 V versus
RHE at 100 mVs ™.

activation, the potential of Pt wire counter electrode was
monitored and increased with the increase of current density
(Table S1). The value of potential reached 2214V (vs.
reversible hydrogen electrode (RHE)) when the current
density was 200 mAcm 2, which was far higher than the
standard potential (1.18 V, vs. RHE) of Pt"/Pt. Therefore, the
Pt possibly dissolved from the Pt counter electrode and then
deposited on the working electrode under the activation
conditions, which has been confirmed through the Pt concen-
tration in the electrolyte during the activation (Table S1).
Therefore, this good catalytic activity can be attributed to the
synergistic effects of abundant MoS, active edge sites and
deposited Pt released from the Pt wire counter electrode. The
deposited Pt on the working electrode was also carefully
checked via inductively coupled plasma mass spectrometry
(ICP-MS), and the concentration of Pt in the total catalysts
(nanoframes + Pt) was 12.1%, which is lower than that
(20%) in commercial Pt/C catalysts. These results suggest
a potential way to get better activity with less Pt.

As a control, the pure Cu;S, NPs and MoS, nanosheets
prepared without the Cu,S, templates (Experimental Section,
Figure S6) were also checked and showed a poor HER
activity. These results indicated that the formation of nano-
frame heterostructure is crucial for the enhanced HER
catalytic efficacy. Compared to the reported MoS, and other
non-Pt HER catalysts using carbon electrode as the counter
electrode (Table S2), our nanoframes demonstrate compara-
ble or more efficient activity. To further demonstrate the
importance of the frame structure for HER, we removed the
Cu,S, template by incubating the nanoframes with ammonia
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(Figure S7). Compared to the nanoframes, the as-obtained
MoS, demonstrated a far lower catalytic activity for HER
(Figure S8), which can be attributed to the MoS, aggregation
and thus the decrease of active edge sites. Meanwhile, if we
increase the Mo-precursor dosage from 0.2 to 0.4 mmol using
the same method for Cu;S,@MoS, nanoframes, only low-
activity small nanodots instead of Cu,S,@MoS, nanoframes
were obtained (Figure S9), further suggesting the Cu,S,
template supporting is crucial to maintain the full exposure
of the active edge sites of MoS, for the good catalytic activity.
We also checked the stability of these nanoframe catalysts
under electrocatalytic conditions. As shown in Figure S10,
after incubation with 0.5M H,SO, for 24 h, the donut structure
of the nanoframes is well maintained, unlike that of nano-
frames being treated with NH;-H,O (Figure S7b), suggesting
that these nanoframes are stable under the electrocatalytic
conditions.

As shown in Figure 2b, the Tafel slope for Pt/C is
measured about 28 mV dec™!, which is consistent with the
reported value. The Cu,S,@MoS, nanoframe exhibits a small
Tafel slope of 48 mV/dec in the low current density region,
which is comparable to or even smaller than those of many
Mo-based HER catalysts (Table S2). Additionally, the Tafel
slope also reveals the HER catalyzed by our nanoframes
proceeds through the Volmer—Heyrovsky mechanism.'Y By
contrast, the pure Cu,S, and MoS, show a larger Tafel slope of
182 and 61 mVdec ™, respectively, again demonstrating the
effectiveness of the nanoframe catalysts. The value of
exchange current density of Cu;S,@MoS, nanoframes is
calculated to be 1.9x10>mAcm™ by extrapolating the
Tafel plot (Figure S11), which is comparable to or even
higher than that of most non-Pt HER catalysts.

The long-term stability and durability of our nanoframes
acting as HER catalysts was examined using chronoamper-
ometry (j—f) at a constant potential of —0.19 V versus RHE.
As shown in Figure 2c, a stable current density of about
50 mAcm * was observed through the 35000 s continuous
operation, implying its good durability under HER condi-
tions. The electrochemical stability of the product was further
proved by a long-term cyclic voltammetry cycling test at
a scan rate of 0.1 Vs between —0.44 and +0.36 V versus
RHE (Figure 2d). After 5000 cycles, there are negligible
changes of the polarization curves, compared with that
obtained prior to cycling test, which confirms the good
stability of these nanoframe catalysts.

To investigate the effects of high-temperature treatment
on the structure and further HER activity of these nano-
frames, the colloidal solution was treated at 300°C for 1, 3, 5,
10, and 20 min (Figure 3), after the injection of Mo-based
precursors. The corresponding products were termed S, S;,
Ss, Sy, and Sy, respectively. Both TEM (Figure 3a-d, Fig-
ure S12) and HRTEM (Figure 3e-h) images present the
evolution process of the nanostructure. At the first stage, the
MoS, grew on the edge of Cu,S, nanoparticle (Figure 3a,e).
By prolonging the reaction time, more and more MoS,
nanosheets were formed, and the main body of Cu,S, was
etched away. Finally, a donut shape of Cu;S,@MoS, nano-
frames was obtained. By sweeping the potential from 0.36 to
—0.44 V versus RHE at room temperature, with a sweep rate
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Figure 3. TEM (a-d) and HRTEM (e-h) images of Cu,S,@MoS, nano-
frames prepared by heating treatment (300°C) for 1 (a,e; Sy), 3 (b,f;
S3), 5 (c,g; Ss), and 20 min (d,h; S,) after the addition of Mo-based
precursors. i) Polarization curves obtained on glass carbon (GC)
electrode modified with nanoframes.

of 10mVs™!, the HER activity was evaluated for S;-S,,. As
shown in (Figure 31i), the HER activity was greatly enhanced
with the prolonging of reaction time from 1 to 10 min, which
can be attributed to the ever-increasing amount of MoS,.
Compared to S;, (Figure 1a), the S,, has no obvious differ-
ence in the shape, size, and HER activity, indicating that the
Mo-based precursor has been used up after being treated at
300°C for 10 min.

In conclusion, we have presented a facile strategy for the
synthesis of donut shape Cu,S;@MoS, nanoframes. These
nanoframes are then uncovered as noble metal-free and non-
precious catalysts and exhibit promising catalytic properties
for HER with good stability. Specifically the nanoframes
exhibit exceptionally high current density (200 mV cm? with
206 mV overpotential) for HER with Tafel slope of
48 mVdec'. We attributed the good performance to the
abundant MoS, active edge sites. Since the solvothermal
method is reasonably scalable, this study may open up a new
route for the development of other non-expensive chalcoge-
nide nanoframe catalysts with large quantities.

Experimental Section

Preparation of copper (Cu) precursors. In a typical reaction, 0.1 mmol
of Cu(NOs),:3H,0 and 0.05 mmol N,N'-dibutyldithiocarbamic acid
HS,CNBut, (DT) were dissolved in 1 mL of ethanol and stirred for
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Smin to form a homogeneous solution. The prepared precursor,
green Cu(DT),, was stored at room temperature for later use.

Preparation of molybdenum-based (Mo) precursors. 0.2 mmol
MoCl; and 0.4 mmol sulfur (S) were, respectively dissolved in 1 mL of
oleylamine and stirred for at least 30 min to form a homogeneous
solution. Then the as-prepared S- and Mo-precursor solution were
mixed and stirred for another 10 min, then stored at room temper-
ature for later use.

Synthesis of ultrasmall Cu;S,@MoS, nanoframes. The Cu,S,
nanoparticles were synthesized according to our previously reported
method with some modifications before the fabrication of
Cu,;S,@MoS, nanoframes.!!! In brief, 40mL of oleylamine and
6.0 mL of 1-octadecene were mixed in a 50-mL three-necked flask.
The solution was bubbled with nitrogen under vigorous magnetic
stirring. Then the as-prepared Cu(DT), precursor (0.1 mmol Cu**,
0.05 mmol DT) was added to the solution at 205°C and then the
temperature was kept at 190 °C for 15 min under nitrogen atmosphere
with magnetic stirring. Thereafter, the temperature of the solution
was rapidly raised to 310°C. The as-prepared Mo-based precursor
solution (0.2 mmol Mo®", 0.4 mmol S) was then injected into solution.
After keeping the temperature at 300 °C for 10 min (It is of noted that
the reaction time varied when investigating the morphology of
hetero-nanostructures at different reaction times), the resulting
solution was allowed to cool to room temperature. The product was
collected by centrifugation and washed with cyclohexane. Other
detailed experiments are shown in Supporting Information.
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