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ABSTRACT: The appropriate catalyst model with a precisely designed interface is
highly desirable for revealing the real active site at the atomic level. Herein, we report a
proof-of-concept strategy for creating an exposed and embedding interface model by
constructing a unique Co9S8 core with a full WS2 shell (Co9S8/FWS2) and a half WS2
shell (Co9S8/HWS2) to uncover the synergistic effect of heterointerfaces on the catalytic
performances. Tailoring the heteroepitaxial growth of WS2 shell, Co9S8/HWS2 with
exposed Co−S−W interfaces leads to the exceptional electron density changes on edged-
S atoms with large amounts of lone-pair electrons. Meanwhile, the unique Co9S8/HWS2
could accelerate the kinetic adsorption of hydrogen- and oxygen-containing
intermediates. Such Co9S8/HWS2 electrocatalysts show extremely low overpotentials
of 78 and 290 mV at a current density of 10 mA cm−2 for hydrogen evolution reaction
(HER) and oxygen evolution reaction, respectively. Using Co9S8/HWS2 as both the
cathode and anode, an alkali electrolyzer delivers a current density of 10 mA cm−2 at a
quite low cell voltage of 1.60 V. The results of both operando Raman spectroscopy and
electron spin resonance indicate the presence of S−S terminal and S−S bridging with unsaturated S atoms during the HER process.
The present work reveals the synergistic effects of nanoscale interfaces on overall electrocatalytic water splitting.
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1. INTRODUCTION

Electrocatalytic water splitting has been extensively inves-
tigated as a sustainable way of producing H2 and O2 for clean
energy applications.1 Advanced electrocatalysts are extremely
significant to the half-cell reaction, which includes hydrogen
evolution reaction (HER) and oxygen evolution reaction
(OER), by lowering the dynamic overpotentials.2−4 Several
strategies have been presented for reducing the cost of
catalysts, including dilution of Pt alloying and employing earth-
abundant transition-metal alloys, dichalcogenides, carbides,
phosphides, and nitrides.5,6 However, because of the sluggish
electron transfer of HER and OER in alkaline conditions, the
kinetic barrier of the elementary steps requires large over-
potentials to accomplish the overall reaction.7−9 Therefore,
developing novel structures of catalysts to boost both reactions
is highly desirable.
Building novel heterostructures by combining the superi-

orities of HER-active materials with OER-active materials is a
promising direction.10 Recently, the rational design of the
interfacial structure of heterogeneous catalysts is of great
importance because it can facilitate chemisorption of reactants
on the surface of the electrocatalyst, charge transfer, and
reaction kinetic barriers, leading to the enhanced catalytic

performance.11−13 Multicomponent heterostructures can not
only comprise abundant interfaces but also assemble distinct
building blocks into single entities, thus yielding exceptional
electronic structures enabled by the synergistic compo-
nents.14,15 However, identifying the real role of interfaces on
synergistic effects is much less explored because of the
difficulties in the synthesis of controlled interfaces.16−19 The
synergistically designed interfaces in the reported literature
studies usually evolve complex interactive contributions from
both geometric and electronic effects, which are difficult to
distinguish the real contribution of interfaces for enhancements
in reaction activity. Therefore, understanding the activity−
structure relationship of multicomponent electrocatalysts with
nanoscale interfaces is vital for regulating the electrocatalytic
activity, thus further facilitating the reasonable structural
design of more efficient catalysts.20−22
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Herein, we reported a proof-of-concept strategy for
designing nanoscale heterointerfaces through the interfacial
engineering in the core/shell structures of binary transition-
metal sulfides. The exposed Co−S−W interface in Co9S8/
HWS2 and the embedding Co−S−W interface in Co9S8/FWS2
were synthesized by tailoring the heteroepitaxial growth of
WS2 shells on the inner Co9S8 cores, offering a direct approach
to uncover the synergistic effect of heterointerfaces on the
catalytic performances. Co9S8/FWS2 exhibits that the embed-
ding Co−S−W interfaces can only promote the charge
transfers from Co to W atoms, suggesting a limited
enhancement in the charge density on WS2 surfaces. Co9S8/
HWS2 with exposed Co−S−W interfaces leads to the
exceptional electron density changes on edged-S atoms with
large amounts of lone-pair electrons, which is capable of
providing electron pair to H+, thereby enhancing the catalytic
performance of HER. Meanwhile, the unique Co9S8/HWS2
makes both the Co9S8 and WS2 phase expose directly to the
electrolyte and could favor the kinetic adsorption of hydrogen-
and oxygen-containing intermediates. Such Co9S8/HWS2
electrocatalysts show extremely low overpotentials of 78 and
245 mV at 10 mA cm−2 for HER and OER. Using Co9S8/
HWS2 as both the cathode and anode, an alkali electrolyzer can
afford a current density of 10 mA cm−2 at a quite cell voltage of
1.60 V. The results of both operando Raman spectroscopy and
electron spin resonance (ESR) indicate the presence of S−S
terminal and S−S bridging with unsaturated S atoms during
the HER process. The present work reveals the synergistic
effects of nanoscale interfaces on overall water splitting
through the interfacial engineering in binary transition-metal
sulfides.

2. RESULTS AND DISCUSSION

The mechanism on interfacial synergistic catalysis for core/
shell catalysts is very important in water splitting processes.
The modulation of interactions at interfaces imposes a
substantial influence on the activity and selectivity of HER
and OER, as a result of the geometric/electronic structure of
the interfacial sites. In order to reveal the synergistic effect of
heterointerfaces on the catalytic performance of water splitting,
we designed two different nanointerfaces by constructing a
unique Co9S8 core with a full WS2 shell (Co9S8/FWS2) and a
half WS2 shell (Co9S8/HWS2). As shown in Figure 1a, Co9S8/
FWS2 exhibits embedding Co−S−W interfaces between the
core and shell. Through the density functional theory (DFT)
models, the embedding Co−S−W interfaces cannot directly
contact with the electrolyte. Focusing on the Co9S8/HWS2
model, all of the WS2, Co9S8, and the Co−S−W can directly
involve in the reactions.
To synthesize the core/shell Co9S8/WS2 structures with

different interfaces, we first used the electrospinning
technology to produce the polyacrylonitrile (PAN) nanofibers
containing a certain amount of Co and W precursors. Then,
after the graphitization process under Ar and S vapor
atmosphere at different conditions, the former Co/W/PAN
nanofibers were converted into Co9S8/WS2/carbon nanofiber
(CNF) structures. Figures S1 and S2 indicate field emission
scanning electron microscopy (FE-SEM) and transmission
electron microscopy (TEM) images of Co9S8/FWS2 and
Co9S8/HWS2 nanocrystals. These core/shell nanoparticles
were densely and uniformly supported on CNFs, and the
CNFs possess abundant porous structure and three-dimen-
sional networks, which can facilitate the flow of electrolytes as

Figure 1. (a) Computational model of Co9S8/FWS2 and Co9S8/HWS2 core/shell, and the solvent effect is considered with explicit water molecules.
(b) XRD patterns of WS2/CNFs, Co9S8/CNFs, Co9S8/FWS2/CNFs, and Co9S8/HWS2/CNFs. FE-SEM and TEM images of the (c,e) Co9S8/
FWS2 and (d,f) Co9S8/HWS2 nanocrystals. (g) HRTEM image of a single Co9S8/FWS2 nanocrystal. The FFT and HRTEM images of the (h,i)
WS2 shell and (j,k) Co9S8 core in Co9S8/FWS2. (l) HRTEM image of a single Co9S8/HWS2 nanocrystal. The FFT images of the (m) WS2 shell and
(n) Co9S8 core in Co9S8/HWS2. (o,p) HRTEM images of the bent WS2 shell at the vertex cites.
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well as hydrogen and oxygen gas release during the
electrocatalytic water splitting process.
The crystallographic phase of Co9S8/WS2 core/shell is

characterized by X-ray diffraction (XRD) analysis. As shown in
Figure 1b, Co9S8/FWS2 exhibits both characteristic peaks of
WS2 (marked as #) and Co9S8 phases (marked as *),
confirming the existence of WS2 and Co9S8 (Figures S3 and
S4).20 In Co9S8/HWS2 with a semishell, the (002*) plane peak
of WS2 becomes strong and sharp in comparison with that of
Co9S8/FWS2, demonstrating the larger amount of exposed S
edge sites at the exposed Co−S−W nanointerfaces. The
Co9S8/HWS2 structures exhibit a relatively stronger peak
intensity for WS2 and Co9S8, suggesting the exposed feature of
WS2 and Co9S8. In addition, the individual Co9S8 and WS2
nanocrystals supported on CNFs exhibit a polyhedral
morphology and a two-dimensional nanoplate morphology
(Figures S5 and S6).
The high-magnification FE-SEM images shown in Figure

1c,e indicate that both the Co9S8/FWS2 and Co9S8/HWS2
nanocrystals exhibit a polyhedral morphology. From Figure 1d,
it can be seen that the inner Co9S8 core was completely
encapsulated in fullerene-like WS2 shells with several layers,
forming the Co9S8/FWS2 core/shell structures. In contrast
(Figure 1f), for Co9S8/HWS2, the Co9S8 core was hetero-
epitaxially bonded by a partial WS2 shell, exhibiting exposed
WS2, Co9S8, and Co−S−W nanointerfaces. As shown in Figure
1g, two different crystal phases were observed at the
embedding Co−S−W nanointerfaces, corresponding to the
cubic Co9S8 and 2H-WS2 of Co9S8/FWS2. Co9S8 displays a
distinguished lattice fringe with a space of 3.0 Å, corresponding
to the (311) plane of the cubic Co9S8 phase. The outer WS2
shell exhibits the well-defined lattice fringe with an inter-
lamellar spacing of 6.5 Å. The fast Fourier transform (FFT)
images of Co9S8/FWS2 exhibit two different diffraction spots,
confirming the formation of the 2H phase of WS2 and the
cubic phase of Co9S8 in the full core/shell structures (Figure
1h,j). As shown in Figure 1i,k, at the Co−S−W interfaces, the
Co9S8 and WS2 shells display well-defined crystal structures
without any defects.

For Co9S8/HWS2, as shown in Figure 1l, the Co−S−W
nanointerfaces formed through the sulfur atoms bridging Co
and W atoms and the WS2 shells exhibit the visible (002) plane
with an interlamellar spacing of 6.5 Å. The Co9S8 core was
partially exposed as well as the Co−S−W interfaces. Larger
amounts of unsaturated S atoms were formed throughout the
whole exposed Co−S−W nanointerfaces, and these unsatu-
rated S atoms possess abundant lone-pair electrons, leading to
the changes of local electronic structures, which benefit the
adsorption of protons. The FFT images of Co9S8/HWS2
exhibit two different diffraction spots, confirming the
formation of the 2H phase of WS2 and the cubic phase of
Co9S8 in the semicore/shell structures (Figure 1m,n). At the
side of the exposed WS2 shells, as shown in Figure 1o,p, WS2
displays a curving morphology and an enlarged interlamellar
spacing (7.4 Å) of the (002) plane than the bulk WS2,
indicating the existence of many defect sites in the semicore/
shell structures.
The high-angle annular dark-field scanning TEM (HAADF-

STEM) and STEM energy-dispersive spectroscopy (EDS)
mapping images of Co9S8/FWS2 are shown in Figure 2a,b. The
Co, W, and S signals exhibit the octahedral morphologies, and
the overlap demonstrates that the Co signals are completely
encapsulated in the W and S signals. Focusing on Co9S8/
HWS2 (Figure 2c,d), both the HAADF-STEM and the
STEM−EDS images confirm the well distribution of Co, W,
and S elements. Interestingly, the W signals only exist in partial
shells, and the overlap strongly demonstrates that Co9S8 is only
coated with a semi-WS2 shell, forming the Co9S8/HWS2
structures. The line scan STEM−EDS spectra of Co9S8/
FWS2 and Co9S8/HWS2 are further investigated and shown in
Figure 2e,f. The W elements in the Co9S8/FWS2 structures are
distributed throughout the whole line spectra; however, the
Co9S8/HWS2 structures only exhibit a partial distribution of W
elements, suggesting that Co9S8 is only coated by a semi-WS2
shell. The density of states (DOS) for Co9S8/FWS2 and
Co9S8/HWS2 is theoretically analyzed by DFT calculations.
The semicore/shell structure has distinguished electronic
structures as compared with the core/shell structure around

Figure 2. HAADF-STEM images of (a) Co9S8/FWS2 and (c) Co9S8/HWS2 supported on CNFs. STEM−EDX mapping images of the (b) Co9S8/
FWS2 and (d) Co9S8/HWS2 nanocrystals. Line scan EDS spectra of the (e) Co9S8/FWS2 and (f) Co9S8/HWS2 nanocrystals. (g) DOS of the S 3p
of Co9S8/FWS2/CNF and Co9S8/HWS2/CNF model of nanocrystals.
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the Fermi level, indicating different physical−chemical
behaviors. Particularly, the significant peaks in the distribution
of the DOS for Co9S8/HWS2 confirm that the Co9S8/HWS2
structure is more active than the Co9S8/FWS2 structure
(Figure 2g). This is mainly due to the fact that the enhanced
electron density at exposed Co−S−W nanointerfaces largely
promoted the activity for HER.
Raman spectroscopy is further performed to confirm the

varying phases and chemical−physical environment (Figure
3a). Compared with the individual WS2 nanoplates (0.52),
Co9S8/HWS2 and Co9S8/FWS2 present higher E2g

1 /A1g values
of 1.32 and 1.17, suggesting the few-layer nature of the outer
WS2 shell.20 In addition to the intensity variations, the E2g

1

mode peaks exhibit blue shifts of ∼6.2 and 3.4 cm−1 for Co9S8/
HWS2 and Co9S8/FWS2, respectively, and broaden when
compared with pure WS2. This behavior can be attributed to
the localized strain and disorder in the core/shell structure
with two different lattice constants. Interestingly, a new peak
emerges at 127.1 cm−1 in the lower-frequency regions,
indicating the presence of a metallic-type WS2 phase because
of the formation of Co9S8/HWS2 with distinct electronic
structures.21 For all the samples, the D-band related to defects
and the G band associated with the vibration of sp2 graphitic
crystallites in the CNFs are observed around 1339 and 1593
cm−1, respectively.
To further acquire the element composition and the surface

bonding state of Co9S8/FWS2 and Co9S8/HWS2, X-ray
photoelectron spectroscopy (XPS) is performed. Pure
Co9S8/CNFs and WS2/CNFs are used as control. Figure 3b
shows the high-resolution Co 2p XPS region for Co9S8, Co9S8/
FWS2, and Co9S8/HWS2. The individual Co9S8/CNF exhibits
two chemical states of Co3+ and Co2+ ions with binding
energies (BEs) of 778.4, 793.6, 781.8, and 798.0 eV,
corresponding to Co 2p3/2 and Co 2p1/2, respectively.22

Focusing on Co9S8/FWS2 and Co9S8/HWS2, because of the
heteroepitaxial growth of WS2 on Co9S8 surfaces, the BEs for
both Co3+ and Co2+ exhibit red shifts ranging from 778.4 to
780.6 eV and from 781.8 to 782.5 eV, respectively, suggesting

that the strong electron transfers from Co to W atoms through
the construction of Co−S−W nanointerfaces. The peaks at
785.8 and 803.1 eV are the shakeup satellite peaks for all the
three samples.
The W 4f and S 2p XPS spectra are shown in Figure 3c,d.

Two predominant peaks of W 4f7/2 and W 4f5/2 emerged at
32.7 and 34.8 eV can be observed in the WS2/CNF sample,
indicating the 2H phase nature of WS2.

23 For Co9S8/FWS2/
CNFs, there is a new pair of peaks at 35.8 and 37.8 eV
observed besides the doublet peaks for 2H-WS2 located at 32.4
and 34.8 eV. The emerged peaks are attributed to the new
chemical states of W incorporated with the Co9S8 at the Co−
S−W nanointerfaces. For Co9S8/HWS2/CNFs, both the W 4f
peaks for WS2 and Co−S−W display significant blue shifts of
about 0.8 and 1.2 eV in comparison with Co9S8/FWS2/CNFs.
The relative higher BEs for Co−S−W peaks suggest a strong
electronic cloud density because of the unique structure of
Co9S8/HWS2 with abundant lone-pair electrons. It demon-
strates that the electronic interactions between Co9S8 and WS2
result in the charge redistribution on their interfaces.
Meanwhile, the S 2p XPS spectra of both Co9S8/FWS2 and

Co9S8/HWS2 exhibit coincident BEs of 163.6, 161.3 eV
(2p3/2) and 165.3, 162.8 eV (2p1/2) for bridging S2

2− (Figure
3d), implying the unsaturated S atoms on Co−S and W−S
sites.24 The interfacial engineering in Co9S8/HWS2 induces
significant blue shifts in S 2p peaks to lower BEs in comparison
with Co9S8/FWS2, suggesting a strong charge density on the
exposed Co−S−W sites. The two pairs of peaks at 168.2, 169.5
and 166.6, 167.5 eV are associated with the C−S and SO
groups, indicating that the surfaces of CNFs were doped with S
atoms during the S vapor process. The DOS, Raman, and XPS
results indicate that the formation of Co−S−W could lead to
the enhanced electron density on WS2 surfaces. However, the
embedding nanointerfaces in Co9S8/FWS2/CNFs only make a
small influence on the electron density. For the exposed Co−
S−W interfaces with partial WS2 and Co9S8 in Co9S8/HWS2/
CNFs, the electron density deeply increases on the exposed
interface corresponding to the S−Co covalent bonding

Figure 3. (a) Raman spectra of WS2/CNFs, Co9S8/CNFs, Co9S8/FWS2/CNFs, and Co9S8/HWS2/CNFs. (b) Co 2p, (c) W 4f, and (d) S 2p XPS
spectra of Co9S8/CNFs, Co9S8/FWS2/CNFs, and Co9S8/HWS2/CNFs.
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interaction. The side-exposed WS2 possesses larger amounts of
lone-pair electrons at the Co−S−W nanointerfaces, which is
capable of providing electron pair to H+.
The electrochemical activities of Co9S8/FWS2/CNFs,

Co9S8/HWS2/CNFs, and commercial Pt/C are evaluated in
both 0.5 M sulfuric acid and 1.0 M potassium hydroxide
solution in a traditional three-electrode cell, in which the as-
prepared catalyst membranes with dimensions of 0.5 cm × 0.5
cm were directly used as the working electrode (WE). The
individual WS2/CNFs and Co9S8/CNFs were used as control.
The linear sweep voltammetry (LSV) curves (Figure 4a)
indicate that Co9S8/HWS2/CNF exhibits a low overpotential
of 83 mV (10 mA cm−2) in 0.5 M H2SO4, which is significantly
smaller than the 116 mV of Co9S8/FWS2/CNFs, 163 mV of
Co9S8/CNFs, and 249 mV of WS2/CNFs. The commercial Pt/
C catalyst shows a smaller overpotential of only 52 mV at 10
mA cm−2. In addition, with the increased current density, the
discrepancy between Pt/C and Co9S8/HWS2/CNFs is reduced
gradually. Importantly, the current density of Co9S8/HWS2/
CNFs reached 100 mA cm−2 with an overpotential of only 235
mV, which is much lower than the 376 mV of FCo9S8/WS2/
CNFs. The obvious improvement in HER activity was
benefitted from the designed exposed nanointerfaces and the
synergy between WS2 and Co9S8.
In an alkaline environment (1 M KOH), the LSV curves

(Figure 4b) indicate the overpotentials of 87 and 203 mV (10
mA cm−2) for Co9S8/HWS2/CNFs and Co9S8/FWS2/CNFs,

which are slightly higher than that in acidic solution. The
Co9S8/HWS2/CNF electrode achieves a low overpotential of
87 mV, which is close to that in acidic conditions (83 mV).
The perturbations of current density for HER in both acidic
and alkaline conditions are attributed to the release of large
amounts of formed H2 bubbles that are produced at higher
overpotentials. It should be noted that so far, there have been
only a few of electrocatalysts active in both acidic and alkaline
medium because of the incompatible activity of the same
catalysts that operate in the same pH region.10,25,26 The
Co9S8/hWS2 structures exhibit the abundant unsaturated S
atoms at the Co−S−W nanointerfaces and the unsaturated S
atoms possess larger amounts of lone-pair electrons, making
them capable of providing an electron pair to H+, thereby
promoting the absorption energy of H atoms on Co9S8/HWS2.
Figure S7 shows the LSV curves of Co9S8/HWS2/CNFs before
and after 2000 cyclic voltammetry (CV) cycles in 1 M KOH
solution. Notably, the current density of Co9S8/HWS2/CNFs
exhibits a negligible decrease, demonstrating the good stability
in alkaline solution.
The OER performance of the as-prepared catalysts is

investigated in a 1 M O2-saturated KOH electrolyte (Figure
4c). The Co9S8/HWS2/CNF only requires a low overpotential
of 290 mV (10 mA cm−2), which outperformed Co9S8/FWS2/
CNFs (342 mV), Co9S8/CNFs (371 mV), WS2/CNFs (502
mV), and commercial IrO2/C (320 mV). The overpotentials
and corresponding results are summarized in Figure 4d and

Figure 4. Polarization curves of as-synthesized catalysts for HER in (a) 0.5 M H2SO4 and (b) 1 M KOH solution with a scan rate of 2 mV s−1. (c)
Polarization curves of as-synthesized catalysts for OER in 1 M KOH solution with a scan rate of 2 mV s−1. (d) Overpotentials of as-synthesized
catalysts for HER and OER obtained in both acid and alkaline solutions. (e) Tafel slopes of as-synthesized catalysts for HER and OER obtained in
both acid and alkaline solutions. (f) Nyquist plots of the catalysts obtained at a potential of −0.35 V [vs reversible hydrogen electrode (RHE)] in 1
M KOH. (g) Capacitive currents (Δj) as a function of scan rates of as-synthesized catalysts. (h) Chronoamperometric curves of Co9S8/HWS2
performed at an overpotential of 395 mV for HER and 410 mV for OER in alkaline solution. (i) Schematic illustrating the feasible HER mechanism
on structures of Co9S8/HWS2/CNFs.
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Table 1. Figures 4e and S8−S10 show the corresponding Tafel
slopes of as-prepared catalysts in both acidic and alkaline
conditions for HER and OER. The Co9S8/HWS2/CNF
exhibits lower Tafel slopes of 56 and 72 mV dec−1 in 0.5 M
H2SO4 and 1 M KOH, respectively, which are closer to the
commercial Pt/C (38 and 45 mV dec−1). It is indicated that
the HER over Co9S8/HWS2/CNFs followed a Volmer−
Heyrovsky mechanism in both acidic and alkaline conditions,
and electrochemical desorption is the rate-limiting step.27,28

For OER, the Co9S8/HWS2/CNFs also obtained the lowest
Tafel slope of 68 mV dec−1, which is smaller than that of IrO2

(78 mV dec−1). In this work, the excellent HER and OER
activity of Co9S8/HWS2/CNFs in both acidic and alkaline
medium can be potentially attributed to the increased electron
density on the interface between WS2 and Co9S8 correspond-
ing to the S−Co covalent bonding interaction. In comparison
with the reported noble-metal-free electrocatalysts, the activity
of Co9S8/HWS2/CNFs is better than those of hollow Co3S4@

MoS2 heterostructures (210 mV), cobalt-doped Mo2C nano-
wires (121 mV), hierarchical β-Mo2C nanotubes (172 mV),
Ni5P4 nanoparticles (141 mV), and MoS2/Ni3S2 hetero-
structures (110 mV).29−33 The turnover frequency (TOF) is
the number of H2 or O2 molecules evolved each second at a
specific overpotential, which is utilized to calibrate the intrinsic
activity of the electrocatalysts. According to eq S1, the TOFs of
different samples are presented against the potentials in Figures
S11−S13. Impressively, the TOF values of Co9S8/HWS2/
CNFs are larger than those of Co9S8/FWS2/CNFs, Co9S8/
CNFs, and WS2/CNFs, revealing that the strong electron
transfer via the Co9S8−WS2 nanointerface could indeed
improve the HER and OER activity. The Nyquist plots of
Co9S8/HWS2/CNFs exhibited the lowest charge-transfer
resistance (Figure 4f). The electrochemical surface area
(ECSA) is another important factor that affects the activity
of electrocatalysts, and it was determined by measuring the
double-layer capacitance (Cdl) at different scan rates. As shown

Table 1. Comparison of HER Activity Data Among Various Catalysts

catalyst

HER η [mV] at
j = 10 mA cm−2

(pH = 0)

HER η [mV] at
j = 10 mA cm−2

(pH = 14)

OER η [mV] at
j = 10 mA cm−2

(pH = 14)

HER Tafel slope
[mV dec−1]
(pH = 0)

HER Tafel slope
[mV dec−1]
(pH = 14)

OER Tafel slope
[mV dec−1]
(pH = 14)

WS2/CNFs 249 414 502 173 273 213
Co9S8/CNFs 163 270 371 115 126 98
Co9S8/FWS2/CNFs 116 203 342 84 94 90
Co9S8/HWS2/CNFs 83 87 290 56 72 68
Pt/C 52 88 38
IrO2/C 320 78

Figure 5. (a) LSV curves of Co9S8/HWS2/CNFs||Co9S8/HWS2/CNFs and the all noble metal IrO2/C||Pt/C electrocatalysts in 1 M KOH with a
scan rate of 5 mV s−1. (b) Chronoamperometric curves of the Co9S8/HWS2/CNF||Co9S8/HWS2/CNF couple under a static voltage of 1.60 V for
10 h. (c) LSV curves for the Co9S8/HWS2/CNF||Co9S8/HWS2/CNF couple before and after the 10 h time-dependent testing. The final steps of H2
formations on the surfaces of (d) Co9S8/FWS2/CNFs with one-layer WS2, (e) Co9S8/FWS2/CNFs with two-layer WS2, and (f) Co9S8/HWS2/
CNFs with one-layer WS2. (g−i) Electron density differences among the catalysts, where red represents the electron density increase and green
represents the electron density depletion. (j) Reaction energy diagrams of the different catalysts during the HER process. (k) S 3p band center of 3-
CN and 2-CN S atoms. (l) Electrostatic potential of 3-CN and 2-CN S atoms.
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in Figure 4g and Table 1, the Co9S8/HWS2/CNFs indicate the
highest Cdl and ECSA values (123.1 mF cm−2, 73.2 cm2) than
those of Co9S8/CNFs (35.6 mF cm−2, 23.7 cm2), WS2/CNFs
(17.4 mF cm−2, 9.5 cm2), and Co9S8/FWS2/CNFs (82.6 mF
cm−2, 42.4 cm2).
The stability of the electrocatalyst is an essential parameter

for practical operation. The long-term stability of Co9S8/
HWS2/CNFs for HER and OER in alkaline conditions was
investigated by chronoamperometric curves. As shown in
Figure 4h, the Co9S8/HWS2/CNFs electrodes indicated a
stable current density of around 100 mA cm−2 without
significant fluctuations for 10 h under overpotentials of 375
and 410 mV in alkaline solutions, respectively. In fact, the CNF
hosts could improve the electrochemical stability and
resistance against oxidation, while the integrated porous
membrane structure (binder-free) and confinement effect
help endow Co9S8/HWS2 with excellent stability. After
continuous OER tests at 100 mA cm−2 for 10 h, the
postcharacterizations are performed to confirm the unique
semicore/shell structure. As shown in Figures S14 and S15, the
STEM mapping and XPS of S 2p show that the Co9S8−WS2
core/shell structure and the Co−W−S nanointerface still exist
stably. Figure 4i schematically illustrates the feasible HER
mechanism on heterostructures of Co9S8/HWS2/CNFs. The
heterostructures with exposed Co−S−W interfaces and
abundant unsaturated S atoms imply a high electron density
that is capable of providing electron pair to H+. The unique
nanostructures reduce the kinetic energy barrier of the initial
water dissociation process (the Volmer step), thereby
enhancing HER performance. For OER, the Co9S8/HWS2
structures exhibit exposed WS2, Co9S8, and Co−W−S
nanointerfaces, providing more directly contact surfaces with
the electrolyte. These advantages could adjust the absorption
of the OH groups, leading to the reduction in the Gibbs free
energies of intermediates (OH, OOH, and OH bonds of H2O)
and thus further enhancing the OER activity.
The Co9S8/HWS2/CNFs heterostructures are used as a

bifunctional electrocatalyst for overall water splitting in a two-
electrode setup in 1 M KOH solution (Figure S16). As shown
in Figure 5a, the Co9S8/HWS2/CNFs||Co9S8/HWS2/CNFs
can reach a current density of 10 mA cm−2 at an applied
potential of 1.60 V, which is better than that of the IrO2/C||Pt/
C electrocatalysts (1.66 mV@10 mA cm−2). The combined
overpotential is about 360 mV for the electrochemical overall
water splitting. The overall water splitting activity of the
Co9S8/HWS2/CNF heterostructures is much higher than the
recently reported electrocatalysts, such as porous NiFe-oxide
nanocubes (1.67 V), NiFe-LDH (1.7 V), S−NiFe2O4 (1.65 V),
CoP mesoporous nanorods (1.62 V), NiSe nanowires (1.63
V), and Ni2P nanoparticles (1.63 V).34−39 Over a 10 h
continuous electrolysis at 10 mA cm−2, the Co9S8/HWS2/
CNFs heterostructures show a very stable current density with
negligible degradation, indicating the good stability for overall
water splitting (Figure 5b). Because of the bubble accumu-
lation and release process of H2 and O2 from the surface of the
electrode, the chronoamperometric curve of Co9S8/HWS2/
CNFs presents serrate-like current density. The bubble release
induces the increase in current density, and the recovery
suggests the high activity and stability of the Co9S8/HWS2/
CNFs as bifunctional catalysts for overall water splitting. The
LSV curves before and after 10 h of overall water splitting
exhibit small differences. The inset in Figure 5c is the
photograph of the Co9S8/HWS2/CNF electrodes for overall

water splitting showing vigorous H2 and O2 production on
Co9S8/HWS2/CNF electrodes in alkaline solutions.
Seeking for theoretical interpretation and prediction at the

atomic level using a quantum-chemical method has become
prevailing for better understanding of the science and inherent
mechanism of electrocatalysis. We have synthesized two
catalyst models with a precisely designed interface and used
DFT to reveal the real active site at the atomic level in core/
shell structures for water splitting. The Co9S8/FWS2 model
(Figure 5d) displays embedding Co−S−W interfaces between
the core and shell, which cannot directly access with the
electrolyte. Therefore, the embedding Co−S−W interfaces can
only promote the charge transfers from Co to W atoms and
then slightly improve the charge density of the WS2 surfaces.
Co9S8/HWS2 with exposed WS2, Co9S8, and Co−S−W
interfaces provides more active surface area for the electrolyte.
The unique structures not only promote the electron charge
transfers from Co to W atoms but also lead to exceptional
electron density changes on edged-S atoms with large amounts
of lone-pair electrons. For OER, the advantages of Co9S8/
HWS2 structures with exposed WS2, Co9S8, and Co−W−S
nanointerfaces could adjust the absorption of the OH groups,
leading to the reduction in the Gibbs free energies of
intermediates and thus further enhancing the OER activity.
The core/shell chemical models of Co9S8/FWS2/CNFs with
one-layer WS2 (denoted as 1-layer), Co9S8/FWS2/CNFs with
two-layer WS2 (denoted as 2-layer), and Co9S8/HWS2/CNFs
with one-layer WS2 (denoted as edged layer) are shown in
Figure 5d−g, in which the final structures of H2 formations are
listed. Herein, the AIMD simulation and static computation
based on scientific and proper chemical models were carried
out for our architectural core/shell electrocatalyst for HER.
The solution environment was constructed and simulated

using H2O molecules surrounding the core/shell models of the
electrode and further equilibrating at 298 K in 8 ps using the
AIMD method. Furthermore, hydronium ions (H3O

+) were
added to the solution and optimized to construct the electric
double layers, thereby the HER mechanism in eqs 1−3 is
investigated.

+ + * = + *+ −H O e H O H3 2 (1)

+ + * = ↑ −+ −H O e H H Volumer Heyrovsky3 2
(2)

* + * = ↑ −H H H Volumer Tafel2 (3)

The chemical models for engineering the basal plane of WS2
on Co9S8 surfaces by introducing the lone-pair electron are
illustrated in Figure 5d−f. The electronic structure and charge
density are controlled by increasing the amounts of lone-pair
electrons at Co−S−W nanointerfaces in the semicore/shell
structure, making them capable of providing an electron pair to
H+, thereby enhancing the HER performance. We first used
quantum-chemical computation (see Experimentalsection) to
evaluate the influence of enhanced electron density at Co−S−
W nanointerfaces on HER activity.41−46 The theoretical results
indicated that the electron density only significantly increases
on the exposed Co−S−W interfaces between WS2 and Co9S8
corresponding to the S−Co coordinative bonding interaction.
As shown in Figure 5g,h, for the Co9S8/FWS2 core/shell with
monolayer and bilayer WS2 shells, no electron density changes
and charge polarization on the top surface of WS2 (Figure
5g,h) indicate that the numbers of WS2 layers have little
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influence on charge polarization and the charge transfer
between the core and high layers (layer number > 3). For
Co9S8/HWS2 semicore/shell structures with exposed Co−S−
W nanointerfaces, exceptional electron density changes on
edged-S atoms with two CNs have been observed (Figure 5i).
From the energy profile (Figure 5j) of HER on all three

core/shell structures, we conclude that the HER on 1-layer and
2-layer structures has similar reaction energy paths for reaction
barriers except that the former is slightly more exothermic than
the latter at the final H2 formation step. Here, we also
determined that the Volmer−Heyrovsky mechanism is more
energetically favorable than the Volmer−Tafel one. We further
inspected the reaction energy path of HER of the semicore/
shell model with an edged layer. Relatively, a significant energy
dropping by ∼50% implies that the HER performance of
Co9S8/HWS2 has been strongly enhanced.
The exposed semicore/shell combines the advantages of

enhanced electron density originated from the Co−S−W
nanointerfaces and the amounts of lone-pair electrons of
exposed S active sites. The p-band center of S atoms in the
WS2 layer for both full and semicore/shell layer models is
investigated (Figure S17), and the semicore/shell with exposed
interfaces is higher than the full core/shell by 0.32 eV, implying
a high electron density on the semicore/shell catalyst (Figure
5k). The DOS of S 3s/p shell computed in Figure S18 with S
3s state in very low energy level is less than −13 eV. We
propose that the S 3s state will not take part in the chemical
bonding interaction between H and S atoms according to the

frontier orbital theory. Therefore, no hybridization orbitals
formed between the S 3p and S 3s. Considering a divalent S in
the form of S2−, the 3-CN S atoms (perfect layer) have no
lone-pair electrons, while the 2-CN S atom (edged layer) has a
lone-pair electron (Figure 5h), making it capable of providing
an electron pair to H+, thereby enhancing the HER
performance. Meanwhile, the electrostatic potential depicted
in Figure 5i shows the difference between edged 2-CN and
perfect 3-CN S atoms. The DFT results demonstrate the
promising HER catalyst based on a novel heterostructure with
lone-pair electrons by an interface engineering strategy.
Because of the unique heterostructure of Co9S8/HWS2, the

exposure of WS2, Co9S8, and Co−S−W nanointerfaces leads to
the exceptionally enhanced electron density originated from
the Co−S−W nanointerfaces and the amounts of lone-pair
electrons of exposed S active sites. We use operando Raman
spectroscopy to unravel the structural changes of catalysts
during the HER process. The operando Raman spectra of
Co9S8/HWS2/CNF catalysts during HER are shown in Figure
6a,b. The Co9S8/HWS2/CNFs exhibit the distinct character-
istic Raman peaks at 348 and 414 cm−1, assigned to ν(Mo−
S)coupled and ν(Sapical−Mo) vibrations, respectively. The Raman
spectra were collected simultaneously, while its CV was
measured in 1 M KOH electrolyte. With the changes in the
potentials ranged from 0.30 to −0.25 V, the Raman peaks
exhibit blue shifts of ∼10 cm−1 for Co9S8/HWS2, suggesting
the presence of hydrogen adsorbates on Mo surfaces. The
operando Raman spectra of Co9S8/HWS2/CNF electrode

Figure 6. (a) Operando Raman spectra of the Co9S8/HWS2/CNF electrode obtained simultaneously, while its CV was measured in 1 M KOH
electrolyte. (b) Operando Raman spectra of the Co9S8/HWS2/CNF electrode, as a function of the reaction time during the electrochemical HER at
−0.2 V vs RHE in 1 M KOH. (c) ESR spectra for Co9S8/HWS2/CNFs after stability test. (d) TEM and (e) HRTEM images of the Co9S8/HWS2/
CNFs after the chronoamperometric test for HER in alkaline. (f,g) STEM−EDS mapping images of the Co9S8/HWS2/CNFs after the
chronoamperometric test for HER in alkaline. (h) Co 2p, (i) W 4f, and (j) S 2p of the Co9S8/HWS2/CNFs before and after the
chronoamperometric test in acid and alkaline, respectively.
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collected at different reaction times during the electrochemical
HER at −0.2 V versus RHE in 1 M KOH are shown in Figure
6b. The intensity of Raman peak for ν(Mo−S)coupled vibrations
(350 cm−1) becomes stronger than that for the ν(Sapical−Mo)
vibrations (416 cm−1) with the increased operation time from
0 to 30 min. The results indicate that more S−S terminal and
S−S bridging sites with unsaturated S atoms were generated
during the HER process. The ESR spectra in Figure 6c
indicates that the Co9S8/HWS2/CNFs display the S vacancy
structures, and the S signal is ascribed to the contribution from
the Mo−S dangling bonding. The exposed Co−S−W nano-
interfaces present more S edges and vacancies, which could be
the active sites for the HER.
The morphology of Co9S8/HWS2/CNFs after the chro-

noamperometric test for overall water splitting is shown in
Figures 6d−f and S19. The high-resolution TEM (HRTEM)
image of the Co9S8/HWS2/CNFs (Figure 6d,e) still exhibit the
unique semicore/shell structures with distinct exposed WS2
shell, Co9S8 core, and Co−S−W nanointerfaces. The STEM−
EDS mapping images (Figure 6f,g) confirm the uniform
distribution of Co, S, and W elements, matching well with the
semicore/shell structures. The results strongly suggested the
good durability and structural robustness. We further obtained
the XPS spectra of Co9S8/HWS2/CNFs before and after
stability test in acid (Co9S8/HWS2/CNFs-A) and alkaline
solution (Co9S8/HWS2/CNFs-B). The XPS spectra are shown
in Figure 6h−j. For the Co9S8/HWS2/CNFs, the BEs for main
Co2+ and Co3+ peaks shifted from 780.6, 782.5 to 780.9, 782.7
eV (Co9S8/HWS2/CNFs-A) and 781.8, 783.7 eV (Co9S8/
HWS2/CNFs-B). The BEs for the main W 4f peaks of Co9S8/
HWS2/CNFs moved from 35.8, 37.7 to 36.3, 38.3 eV (Co9S8/
HWS2/CNFs-A) and 35.8, 37.7 eV (Co9S8/HWS2/CNFs-B)
(Figure 6h). The high shifts in the BEs of Co 2p and W 4f XPS
spectra for the Co9S8/HWS2/CNFs before and after stability
test indicated the strong electron transfers between the Co and
W atoms during the continuous electrolysis process (Figure
6i). Focusing on the S 2p XPS spectra, when compared with
the SCo9S8/WS2/CNFs, the BEs for bridging S2

2− belong to
the unsaturated S atoms on the Co−S and W−S sites,
indicating significant shifts from 161.3, 162.8 to 163.2, 165.2
eV (Co9S8/WS2/HCNFs-A) and 163.4, 165.0 eV (Co9S8/
HWS2/CNFs-B), suggesting a strong charge density on the
exposed Co−S−W sites during the continuous electrolysis
(Figure 6j).
Even through the continuous electrolysis at high density, no

oxidation states emerged in the Co, W, and S XPS spectra, and
the XPS results demonstrated the transition-metal sulfide
states. The XPS and DFT results both demonstrated the strong
electron transfers among the Co, W, and S atoms during the
continuous electrolysis. More importantly, the semicore/shell
structures with abundant unsaturated S atoms enhanced the
electron density at Co−S−W nanointerfaces, thus largely
promoting the activity of water splitting. The present work
creates exposed and embedding interface model to uncover the
synergistic effect of heterointerfaces on the catalytic perform-
ances of water splitting.

3. CONCLUSIONS
In summary, we have designed two nanointerface models with
exposed and embedding Co−S−W interfaces by constructing a
unique Co9S8 core with full and half WS2 shells to uncover the
interfacial synergistic effects and real active sites at the atomic
level. Such Co9S8/HWS2 electrocatalysts show low over-

potentials of 78 and 245 mV at 10 mA cm−2 for HER and
OER. Using Co9S8/HWS2 as both the cathode and anode, an
alkali electrolyzer can afford a current density of 10 mA cm−2

at a quite low cell voltage of ca. 1.60 V. According to the DFT
calculations, Co9S8/HWS2 with exposed Co−S−W interfaces
leads to the exceptional electron density changes on edged-S
atoms with large amounts of lone-pair electrons, which is
capable of providing electron pair to H+, thereby enhancing the
catalytic performance of HER. Meanwhile, the unique Co9S8/
HWS2 made the Co9S8 and WS2 phase both exposed directly
with the electrolyte and could accelerate the kinetic adsorption
of hydrogen and oxygen-containing intermediates. The results
of both operando Raman spectroscopy and ESR indicate the
presence of S−S terminal and S−S bridging with unsaturated S
atoms during the HER process. The heterostructures display
enhanced stability revealed by long-term chronopotentiometry
tests.

4. EXPERIMENTAL SECTION
4.1. Preparation of the PAN/CoW Nanofiber Membrane. In a

typical procedure, Co(NO3)2, (NH4)2WS4, and PAN were used as the
precursor. Certain amounts of Co(NO3)2 and (NH4)2WS4 were
dissolved in the PAN/DMF solution (the mass fraction of PAN is
about 10 wt %) and then stirred vigorously for 10 h to obtain a
homogeneous solution. The electrospinning process is carried out as
described previously.20

4.2. Preparation of Co9S8/FWS2/CNFs and Co9S8/HWS2/
CNFs. The Co9S8/WS2/CNF hybrid membrane was prepared in a
chemical vapor deposition furnace tube. The CoW/PAN precursor
membrane was placed in a ceramic boat. Another ceramic boat with S
powder was placed upstream relative to the gas flow direction. By
adjusting the mass ration of Co(NO3)2 and (NH4)2WS4 and the S
vapor treatment temperature, Co9S8/FWS2/CNFs and Co9S8/HWS2/
CNFs can be obtained. For the preparation of Co9S8/FWS2/CNFs,
the CoW/PAN precursor nanofibers with a Co and W mass ratio of
1:2 were heated to 230 °C in air at a heating rate of 5 °C per min and
kept at this temperature for 3 h. After the stabilization process, the
furnace was continuously heated up. When the temperature heated up
to 1000 °C, the S boat was heated to ∼200 °C via a heating belt. After
2 h, the S boat furnace was removed and the nanofiber furnace was
held constant for 6 h. For the preparation of Co9S8/HWS2/CNFs, the
CoW/PAN precursor nanofibers with a Co and W mass ratio of 1:1
were heated to 230 °C in air at a heating rate of 5 °C per minute and
kept at this temperature for 3 h. When the temperature reached 400
°C, the S boat reached ∼200 °C. After 2 h, the furnace was heated up
to 1000 °C at a rate of 5 °C per minute, and the temperature was
constant for 6 h.

4.3. Materials Characterizations. FE-SEM, TEM, HAADF-
STEM, XRD, XPS, and ESR were performed as described
previously.20

4.4. Electrochemical Characterization. The HER tests were
performed with an Autolab potentiostat/galvanostat (model
PGSTAT302N) workstation. The electrochemical experiments were
performed in a traditional three-electrode system at 25 °C. A graphite
rod acted as a counter electrode (CE). A saturated calomel electrode
was utilized as the reference electrode (RE). The Co9S8/FWS2/CNF
and Co9S8/HWS2/CNF membranes were tailored into a neat square
(0.5 × 0.5 cm) and directly used as the WE in 0.5 M H2SO4 and 1 M
KOH, respectively. The polarization curves and stability tests were
performed as described previously.20

4.5. Operando Electrochemical Raman Test. A round
homemade cell was used for the operando Raman test. Ag/AgCl
and a Pt wire were used as RE and CE. The WE was sheathed in
Teflon. Aqueous 1 M KOH was used as the electrolyte. Electro-
chemical tests were performed using an Autolab potentiostat/
galvanostat (model PGSTAT302N) workstation. Raman spectrosco-
py was carried out using the apparatus described in ref 40.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b19382
ACS Appl. Mater. Interfaces 2020, 12, 6250−6261

6258

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b19382/suppl_file/am9b19382_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b19382?ref=pdf


4.6. DFT Calculations. All computations were performed using
the spin-polarized density functional approximation as implemented
in the CP2K package41 The DFT plus Hubbard U approach was
applied to correctly describe electrostatic repulsion interaction and
also to localize the electronic configuration Co 3d2.42 The Hubbard
U−J value is very sensitive to compute the lattice constant of the
Co9S8 crystal. Lattice constants optimized with the U−J value at 2 eV
are consistent with the experimental result. For considering both 3d
electronic localization and lattice constant optimization, a compro-
mised U−J value of 2 eV was adopted in our current theoretical
studies. Exchange−correction energies were computed as described in
previous report.43−45 Solvent effects were included using explicit
water solution. The wave function of valent-shell electrons (1s1 for H,
2s22p4 for O, 3s23p4 for S, 3s23p63d74s2 for Co, and 5s25p65d46s2 for
W) is computed as previously described.45

The chemical model of the nanocore/shell structure was
constructed using an approximate way in which the core acts as a
symmetrized and periodic Co9S8 slab and the shell acts as periodic
single, double, and edged layers. The stoichiometric periodic slab
models of the Co9S8 p(2 × 2) and p(3 × 2) (111) surface constructed
with the 25 and 30 Å vacuum layers were adopted. For approaching
the real electrochemical environment, three layers of ∼40 H2O
molecules with addition of H+ cations were introduced inside the
vacuum layer to simulate the electrical double layer to study the HER
performance. The initial geometric structures were relaxed to a local
minimum, and an AIMD simulation was carried out at 298 K to
equilibrate waters and interface with a 1 ps time step in a 8 ps
timescale. The electrochemical performance of such a core/shell
system was explored by means of electronic structure study, static
calculation, and molecular dynamic simulation at the atomic level.
The bottom 118 atoms (a half layer of Co9S8-slab) in seven atomic
layers were frozen, while the remaining atoms were allowed to relax
without constraint. The canonical ensemble (NVT) and Nose−
Hoover thermostats were adopted in AIMD simulation.47,48

Transition states were investigated using the climbing image
nudged-elastic-band method with a convergence criterion of 0.05
eV/Å.49

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.9b19382.

FE-SEM and TEM images, XRD patterns, LSV curves,
Tafel plots, TOF, HAADF-STEM images and XPS
spectra, photograph, and DOS spectra of the as-prepared
electrocatalysts (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Han Zhu − Key Laboratory of Synthetic and Biological Colloids,
Ministry of Education, School of Chemical and Material
Engineering, Jiangnan University, Wuxi 214122, P. R. China;
orcid.org/0000-0002-6274-852X; Email: zhysw@

jiangnan.edu.cn
Mingliang Du − Key Laboratory of Synthetic and Biological
Colloids, Ministry of Education, School of Chemical and
Material Engineering, Jiangnan University, Wuxi 214122, P. R.
China; Email: du@jiangnan.edu.cn

Authors
Songge Zhang − Key Laboratory of Synthetic and Biological
Colloids, Ministry of Education, School of Chemical and
Material Engineering, Jiangnan University, Wuxi 214122, P. R.
China

Yong Li − Institute of Applied and Physical Chemistry and
Center for Environmental Research and Sustainable Technology,

University of Bremen, Bremen 28359, Germany; orcid.org/
0000-0002-2774-841X

Shuanglong Lu − Key Laboratory of Synthetic and Biological
Colloids, Ministry of Education, School of Chemical and
Material Engineering, Jiangnan University, Wuxi 214122, P. R.
China; orcid.org/0000-0002-8598-5456

Piming Ma − Key Laboratory of Synthetic and Biological
Colloids, Ministry of Education, School of Chemical and
Material Engineering, Jiangnan University, Wuxi 214122, P. R.
China; orcid.org/0000-0002-4597-0639

Weifu Dong − Key Laboratory of Synthetic and Biological
Colloids, Ministry of Education, School of Chemical and
Material Engineering, Jiangnan University, Wuxi 214122, P. R.
China; orcid.org/0000-0002-7432-8362

Fang Duan − Key Laboratory of Synthetic and Biological
Colloids, Ministry of Education, School of Chemical and
Material Engineering, Jiangnan University, Wuxi 214122, P. R.
China

Mingqing Chen − Key Laboratory of Synthetic and Biological
Colloids, Ministry of Education, School of Chemical and
Material Engineering, Jiangnan University, Wuxi 214122, P. R.
China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.9b19382

Author Contributions
S.Z. and Y.L. contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

S. Zhang and Y. Li contributed equally to this work. This study
was supported by the National Natural Science Foundation of
China (NSFC) (grant no. 51803077), Natural Science
Foundation of Jiangsu Province (grant no. BK20180627),
Postdoctoral Science Foundation of China (2018M630517
and 2019T120389), the MOE & SAFEA, 111 Project
(B13025), the national first-class discipline program of Light
Industry Technology and Engineering (LITE2018-19), and the
Fundamental Research Funds for the Central Universities.

■ REFERENCES
(1) Hong, L.; Tsai, C.; Zhao, J.; Han, H. S.; Manoharan, H. C.;
Abild-Pedersen, F.; Nørskov, J. K.; Zheng, X. Activating and
Optimizing MoS2 Basal Planes for Hydrogen Evolution through the
Formation of Strained Sulphur Vacancies. Nat. Mater. 2016, 15, 48−
53.
(2) Escudero-Escribano, M.; Malacrida, P.; Hansen, M. H.; Vej-
Hansen, U. G.; Velazquez-Palenzuela, A.; Tripkovic, V.; Schiotz, J.;
Rossmeisl, J.; Stephens, I. E. L.; Chorkendorff, I. Tuning the Activity
of Pt Alloy Electrocatalysts by Means of the Lanthanide Contraction.
Science 2016, 352, 73−76.
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P.; Antonietti, M.; Shalom, M. The Synthesis of Nanostructured
Ni5P4 Films and Their Use as A Non-noble Bifunctional Electro-
catalyst for Full Water Splitting. Angew. Chem., Int. Ed. 2015, 54,
12361−12365.
(33) Zhang, J.; Wang, T.; Pohl, D.; Rellinghaus, B.; Dong, R.; Liu, S.;
Zhuang, X.; Feng, X. Interface Engineering of MoS2/Ni3S2
Heterostructures for Highly Enhanced Electrochemical Overall-
Water-Splitting Activity. Angew. Chem. 2016, 128, 6814−6819.
(34) Kumar, A.; Bhattacharyya, S. Porous NiFe-Oxide Nanocubes as
Bifunctional Electrocatalysts for Efficient Water-Splitting. ACS Appl.
Mater. Interfaces 2017, 9, 41906−41915.
(35) Chen, G.; Wang, T.; Zhang, J.; Liu, P.; Sun, H.; Zhuang, X.;
Chen, M.; Feng, X. Accelerated Hydrogen Evolution Kinetics on
NiFe-Layered Double Hydroxide Electrocatalysts by Tailoring Water
Dissociation Active Sites. Adv. Mater. 2018, 30, 1706279.
(36) Liu, J.; Zhu, D.; Ling, T.; Vasileff, A.; Qiao, S.-Z. S-NiFe2O4

Ultra-small Nanoparticle Built Nanosheets for Efficient Water
Splitting in Alkaline and Neutral pH. Nano Energy 2017, 40, 264−
273.
(37) Fu, S.; Zhu, C.; Song, J.; Engelhard, M. H.; Li, X.; Du, D.; Lin,
Y. Highly Ordered Mesoporous Bimetallic Phosphides as Efficient

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b19382
ACS Appl. Mater. Interfaces 2020, 12, 6250−6261

6260

https://dx.doi.org/10.1039/c4ee01760a
https://dx.doi.org/10.1039/c4ee01760a
https://dx.doi.org/10.1038/ncomms14430
https://dx.doi.org/10.1038/ncomms14430
https://dx.doi.org/10.1038/ncomms14430
https://dx.doi.org/10.1002/anie.201909698
https://dx.doi.org/10.1002/anie.201909698
https://dx.doi.org/10.1002/anie.201909698
https://dx.doi.org/10.1002/adma.201802223
https://dx.doi.org/10.1002/adma.201802223
https://dx.doi.org/10.1002/adma.201802223
https://dx.doi.org/10.1002/smll.201901796
https://dx.doi.org/10.1002/smll.201901796
https://dx.doi.org/10.1002/smll.201901796
https://dx.doi.org/10.1021/acsami.9b16390
https://dx.doi.org/10.1021/acsami.9b16390
https://dx.doi.org/10.1021/acsami.9b16390
https://dx.doi.org/10.1021/jacs.5b04186
https://dx.doi.org/10.1021/jacs.5b04186
https://dx.doi.org/10.1002/anie.201901109
https://dx.doi.org/10.1002/anie.201901109
https://dx.doi.org/10.1002/anie.201901109
https://dx.doi.org/10.1002/advs.201700772
https://dx.doi.org/10.1002/advs.201700772
https://dx.doi.org/10.1002/adma.201700748
https://dx.doi.org/10.1002/adma.201700748
https://dx.doi.org/10.1002/adma.201700748
https://dx.doi.org/10.1002/adma.201905622
https://dx.doi.org/10.1002/adma.201905622
https://dx.doi.org/10.1002/adma.201905622
https://dx.doi.org/10.1002/adma.201808281
https://dx.doi.org/10.1002/adma.201808281
https://dx.doi.org/10.1002/adma.201808281
https://dx.doi.org/10.1021/acscatal.7b01954
https://dx.doi.org/10.1021/acscatal.7b01954
https://dx.doi.org/10.1021/acscatal.7b01954
https://dx.doi.org/10.1002/aenm.201800935
https://dx.doi.org/10.1002/aenm.201800935
https://dx.doi.org/10.1002/aenm.201800935
https://dx.doi.org/10.1002/adma.201501969
https://dx.doi.org/10.1002/adma.201501969
https://dx.doi.org/10.1002/adma.201501969
https://dx.doi.org/10.1002/jrs.5086
https://dx.doi.org/10.1002/jrs.5086
https://dx.doi.org/10.1002/jrs.5086
https://dx.doi.org/10.1016/j.jechem.2017.10.015
https://dx.doi.org/10.1016/j.jechem.2017.10.015
https://dx.doi.org/10.1039/c6ta11019c
https://dx.doi.org/10.1039/c6ta11019c
https://dx.doi.org/10.1039/c6ta11019c
https://dx.doi.org/10.1002/adma.201707301
https://dx.doi.org/10.1002/adma.201707301
https://dx.doi.org/10.1002/adma.201707301
https://dx.doi.org/10.1002/anie.201701531
https://dx.doi.org/10.1002/anie.201701531
https://dx.doi.org/10.1021/acsnano.7b01946
https://dx.doi.org/10.1021/acsnano.7b01946
https://dx.doi.org/10.1021/acsnano.7b01946
https://dx.doi.org/10.1021/acsnano.7b01946
https://dx.doi.org/10.1021/acscatal.6b00014
https://dx.doi.org/10.1021/acscatal.6b00014
https://dx.doi.org/10.1021/acscatal.6b00014
https://dx.doi.org/10.1021/acscentsci.7b00502
https://dx.doi.org/10.1021/acscentsci.7b00502
https://dx.doi.org/10.1021/acscentsci.7b00502
https://dx.doi.org/10.1021/acs.chemmater.7b00867
https://dx.doi.org/10.1021/acs.chemmater.7b00867
https://dx.doi.org/10.1021/acs.chemmater.7b00867
https://dx.doi.org/10.1002/adfm.201600915
https://dx.doi.org/10.1002/adfm.201600915
https://dx.doi.org/10.1002/adfm.201600915
https://dx.doi.org/10.1002/ange.201508715
https://dx.doi.org/10.1002/ange.201508715
https://dx.doi.org/10.1002/anie.201502438
https://dx.doi.org/10.1002/anie.201502438
https://dx.doi.org/10.1002/anie.201502438
https://dx.doi.org/10.1002/ange.201602237
https://dx.doi.org/10.1002/ange.201602237
https://dx.doi.org/10.1002/ange.201602237
https://dx.doi.org/10.1021/acsami.7b14096
https://dx.doi.org/10.1021/acsami.7b14096
https://dx.doi.org/10.1002/adma.201706279
https://dx.doi.org/10.1002/adma.201706279
https://dx.doi.org/10.1002/adma.201706279
https://dx.doi.org/10.1016/j.nanoen.2017.08.031
https://dx.doi.org/10.1016/j.nanoen.2017.08.031
https://dx.doi.org/10.1016/j.nanoen.2017.08.031
https://dx.doi.org/10.1021/acsenergylett.6b00408
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b19382?ref=pdf


Oxygen Evolution Electrocatalysts. ACS Energy Lett. 2016, 1, 792−
796.
(38) Tang, C.; Cheng, N.; Pu, Z.; Xing, W.; Sun, X. NiSe Nanowire
Film Supported on Nickel Foam: An Efficient and Stable 3D
Bifunctional Electrode for Full Water Splitting. Angew. Chem., Int. Ed.
2015, 54, 9351−9355.
(39) Stern, L.-A.; Feng, L.; Song, F.; Hu, X. Ni2P as A Janus Catalyst
for Water Splitting: the Oxygen Evolution Activity of Ni2P
Nanoparticles. Energy Environ. Sci. 2015, 8, 2347−2351.
(40) Deng, Y.; Ting, L. R. L.; Neo, P. H. L.; Zhang, Y.-J.; Peterson,
A. A.; Yeo, B. S. Operando Raman Spectroscopy of Amorphous
Molybdenum Sulfide (MoS) during the Electrochemical Hydrogen
Evolution Reaction: Identification of Sulfur Atoms as Catalytically
Active Sites for H Reduction. ACS Catal. 2016, 6, 7790−7798.
(41) VandeVondele, J.; Krack, M.; Mohamed, F.; Parrinello, M.;
Chassaing, T.; Hutter, J. Fast and Accurate Density Functional
Calculations using a Mixed Gaussian and Plane Waves Approach.
Comput. Phys. Commun. 2005, 167, 103−128.
(42) Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.;
Sutton, A. P. Electron-energy-loss spectra and the Structural Stability
of Nickel Oxide: An LSDA+U study. Phys. Rev. B: Condens. Matter
Mater. Phys. 1998, 57, 1505.
(43) Perdew, J. P. Density-functional Approximation for the
Correlation Energy of the Inhomogeneous Electron Gas. Phys. Rev.
B: Condens. Matter Mater. Phys. 1986, 33, 8822−8824.
(44) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865−3868.
(45) Li, Y.; Li, Y.; Wan, Y.; Xie, Y.; Zhu, J.; Pan, H.; Zheng, X.; Xia,
C. Perovskite oxyfluoride electrode enabling direct electrolyzing
carbon dioxide with excellent electrochemical performances. Adv.
Energy Mater. 2019, 9, 1803156.
(46) Lippert, G. B.; Parrinello, J.; Jurg, H. A Hybrid Gaussian and
Plane Wave Density Functional Scheme. Mol. Phys. 1997, 92, 477−
488.
(47) Goedecker, S.; Teter, M.; Hutter, J. Separable Dual-Space
Gaussian Pseudopotentials. Phys. Rev. B: Condens. Matter Mater. Phys.
1996, 54, 1703.
(48) Nose,́ S. A Unified Formulation of the Constant Temperature
Molecular Dynamics Methods. J. Chem. Phys. 1984, 81, 511−519.
(49) Hoover, W. G. Canonical Dynamics: Equilibrium Phase-Space
Distributions. Phys. Rev. A: At., Mol., Opt. Phys. 1985, 31, 1695.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b19382
ACS Appl. Mater. Interfaces 2020, 12, 6250−6261

6261

https://dx.doi.org/10.1021/acsenergylett.6b00408
https://dx.doi.org/10.1002/anie.201503407
https://dx.doi.org/10.1002/anie.201503407
https://dx.doi.org/10.1002/anie.201503407
https://dx.doi.org/10.1039/c5ee01155h
https://dx.doi.org/10.1039/c5ee01155h
https://dx.doi.org/10.1039/c5ee01155h
https://dx.doi.org/10.1021/acscatal.6b01848
https://dx.doi.org/10.1021/acscatal.6b01848
https://dx.doi.org/10.1021/acscatal.6b01848
https://dx.doi.org/10.1021/acscatal.6b01848
https://dx.doi.org/10.1016/j.cpc.2004.12.014
https://dx.doi.org/10.1016/j.cpc.2004.12.014
https://dx.doi.org/10.1103/physrevb.57.1505
https://dx.doi.org/10.1103/physrevb.57.1505
https://dx.doi.org/10.1103/physrevb.33.8822
https://dx.doi.org/10.1103/physrevb.33.8822
https://dx.doi.org/10.1103/physrevlett.77.3865
https://dx.doi.org/10.1103/physrevlett.77.3865
https://dx.doi.org/10.1002/aenm.201803156
https://dx.doi.org/10.1002/aenm.201803156
https://dx.doi.org/10.1080/002689797170220
https://dx.doi.org/10.1080/002689797170220
https://dx.doi.org/10.1103/physrevb.54.1703
https://dx.doi.org/10.1103/physrevb.54.1703
https://dx.doi.org/10.1063/1.447334
https://dx.doi.org/10.1063/1.447334
https://dx.doi.org/10.1103/physreva.31.1695
https://dx.doi.org/10.1103/physreva.31.1695
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b19382?ref=pdf

