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ABSTRACT 
It remains challenging to develop economical and bifunctional electrocatalysts toward oxygen/hydrogen evolution reactions 
(OER/HER). Herein, we construct Co9S8 nanoflakes decorated Co3O4 nanoarrays with enriched heterogeneous interface zones on 
Ni foam (Co9S8@Co3O4/NF) via a novel step-wise approach. The Co9S8@Co3O4/NF hybrid manifests excellent performance with 
low overpotentials of 130 mV for HER (10 mA·cm–2) and 331 mV for OER (100 mA·cm–2), delivering a small voltage of 1.52 V for 
water splitting at 10 mA·cm–2 as well as outstanding catalytic durability, which surpasses precious metals and previously reported 
earth-abundant nanocatalysts. Further experimental and theoretical investigations demonstrate that the excellent performance is 
attributed to the followings: (i) Highly conductive Ni facilitates the efficient charge transfer; (ii) porous core-shell nanoarchitecture 
benefits the infiltration and transportation of gases/ions; (iii) heterogeneous interface zones synergistically lower the chemisorption 
energy of hydrogen/oxygen intermediates. This work will shed light on the controllable synthesis and engineering of heterostructure 
nanomaterials for clean energy storage and conversion technologies. 
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1 Introduction 
Energy crisis and environmental pollution problems motivate 
people to seek new alternatives to traditional fossil fuels [1–3]. 
Concerned about the energy conversion efficiency and environ-
mental friendliness of new energy devices, hydrogen energy has 
been widely regarded as one of the most appealing candidates 
[4–6]. Among various hydrogen production methods, water 
electrolysis is a promising and sustainable approach due to 
its simplicity and efficiency [7–10]. It is well known that the 
process of electrically promoted water-splitting includes two 
parts: oxygen evolution reaction (OER) on the cathode and 
hydrogen evolution reaction (HER) on the anode. However, 
because of the intrinsically sluggish catalytic kinetics of the 
two reactions, a much higher overpotential than the theoretical 
value is needed to be applied to the electrochemical system 
[11–13]. It is urgently required to develop a highly efficient and 
stable electrochemical catalyst to reduce the thermodynamic 
overpotential and thus promote energy conversion [9]. At 
present, noble metal-based materials (typically RuO2 and IrO2) 
present good OER performance [14], and Pt-based metals are 
highly active for catalyzing HER [15, 16], respectively. However, 
constrained by their scarcities, exorbitant price, poor stability, 
and unsatisfied bifunctional properties, they cannot be utilized 
at a large scale for commercial applications. 

In the past decades, transition metals (e.g., Co, Fe, Ni, Mo) 

and their compounds have been extensively exploited for water 
electrolysis owing to their low cost, elemental abundance and 
environmental friendliness [17–21]. Among them, transition 
metal oxides (TMOs, e.g., Co-based oxides) are particularly 
attractive because of their flexible crystal structures, rich 
redox sites and strong corrosion resistance in an alkaline 
environment [22–26]. Unfortunately, one major issue for TMO 
materials is the inherent poor conductivity, which is traditionally 
overcome by compositing with carbon nanostructures [27, 28]. 
Moreover, although the TMO-based catalysts exhibit remarkable 
OER performance, their HER activities lie far behind the 
practical requirements, bringing challenges to constructing 
the bifunctional electrode. It is imperative to simultaneously 
reduce the formation energy of hydrogen and oxygen inter-
mediates to accelerate the water-splitting process [29]. Recently, 
benefiting from the intrinsically enhanced electrical transfer 
capability and novel surface configuration, sulfides have been 
proved to possess highly efficient HER activities, especially the 
cobalt sulfides [30–33]. Furthermore, it has been recognized 
that fabricating transition metal-based heterostructures is 
favorable for catalytic performance enhancement due to 
increased active sites, modified electronic structures, enhanced 
electrical conductivity and optimized chemisorption strength 
for reactants [34–36]. Therefore, in the context of developing 
cost-effective electrode materials, it deserves particular interest 
to explore bifunctional and competitive electrocatalyst for both 
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HER and OER based on transition metal oxide and sulfide hybrid 
components. This implies the significance of heterojunctions 
involving both HER and OER active species, which can 
effectively tune the atomic and electronic configurations for 
synergistic chemisorption of H* and OH– reactants on the 
surface [37], greatly accelerating the water decomposition 
kinetics. 

Meanwhile, catalyst architecture should be rationally designed, 
whereas the regulated heterointerfaces must be fully exposed 
and benefit the transmission of mass/charge [38, 39]. Under 
this circumstance, one-dimensional (1D) nanoarray structures 
were vertically grown on conductive substrates, representing 
promising candidates owing to the large surface area, efficient 
charge transport and gas bubble release kinetics [31, 40]. 
Moreover, the in-situ fabricated integrated electrode can eliminate 
the use of polymer binder, decrease the series resistance and 
increase the adhesion of active phases on current-collecting 
supports, contributing to enhanced activity and durability of 
the resultant electrode [41, 42]. Therefore, engineering the 
oxide/sulfide heterointerface composites with self-supported 
nanoarray structures shows great potential to achieve high- 
efficiency overall water splitting. 

Herein, we successfully synthesized a hierarchical integrated 
electrode with Co9S8 nanoflakes wrapped on Co3O4 nanoneedles 
heterostructure arrays in-situ grown on Ni foam (Co9S8@Co3O4/NF) 
through a controlled step-wise strategy, which displays much- 
enhanced performance towards overall water splitting in alkaline 
medium. The as-prepared core–shell Co9S8@Co3O4/NF nano-
composite enhances the contact with the electrolyte and introduces 
abundant chemically coupled heterogeneous interface zones 
between Co9S8 and Co3O4, thereby providing plenty of active sites 
with high activity for hydrogen and oxygen electrocatalysis. 
Additionally, the binder-free nanoarray in-situ grown on 
nickel foam guarantees faster electron transfer rates and 
long-term catalytic stability. Consequently, Co9S8@Co3O4/NF 
heterostructure manifests superior catalytic performance with 
low overpotentials of 130 mV at 10 mA·cm–2 for HER and 331 mV 
at 100 mA·cm–2 for OER in 1.0 M KOH. Furthermore, the 
Co9S8@Co3O4/NF electrode delivers a low cell voltage of 1.52 V 
at 10 mA·cm–2 for overall water splitting, which even surpasses 
that of the precious metal catalyst (Pt/C + RuO2, 1.56 V) and 
most active earth-abundant materials reported previously. 
Otherwise, the almost negligible activity degradation after a 
50-h period at a water-splitting current density of 10 mA·cm–2 
suggests excellent long-term catalytic durability. Further 
experimental and theoretical investigations demonstrate that 
the unique hierarchical structure of conductive Ni foam can 
provide sufficient contact area and efficient charge transfer. 
Meanwhile, the in-situ generated heterogeneous interface 
zone between Co9S8 and Co3O4 can afford a large number of 
highly active sites that are favorable for chemisorption of 
hydrogen and oxygen intermediates, collectively contributing 
to the outstanding performance for overall water splitting. 

2  Experimental 

2.1  Material preparations 
Preparation of Co(CO3)0.5(OH)0.11·H2O/NF precursor: First, 
0.6 g (1 mmol) urea, 0.148 g (4 mmol) NH4F and 0.58 g (2 mmol) 
Co(NO3)2·6H2O were added in 40 mL deionized (DI) water. 
Then the reaction mixture was transferred into a 50 mL 
Teflon-lined stainless-steel autoclave along with a pretreated 
Ni foam with the size of 2 cm × 3 cm and aged at 90 °C for 10 h. 
As the reactor was cooled down to room temperature, the 
Co(CO3)0.5(OH)0.11·H2O/NF was obtained by rinsing with DI 

water and ethanol several times and finally dried in an 
electric oven. 

Preparation of Co3O4/NF: Above Co(CO3)0.5(OH)0.11·H2O/NF 
was annealed in a muffle furnace at 300 °C for 2 h, totally 
converted into Co3O4/NF. Then the Co3O4/NF was cooled with 
the furnace to room temperature, washed with DI water three 
times and dried at 60 °C.  

Preparation of Co9S8@Co3O4/NF: A series of different quantities 
of Na2S·9H2O (0.2, 0.4, 0.6 and 0.8 g) were completely dissolved 
in 40 mL DI water and reacted with the Co3O4/NF in 50 mL 
Teflon-lined stainless steel autoclaves at 120 °C for 10 h. Finally, 
the samples with the average loading capacity of 2 mg·cm–2 
were obtained.  

Preparation of Co9S8/NF: Na2S·9H2O (1.6 g) was added 
in 40 mL DI water, then the solution and a Co3O4/NF were 
transferred into a 50 mL reactor and reacted at 120 °C for 14 h. 
After cooled to room temperature, the obtained Co9S8/NF was 
washed with DI water three times and dried at 60 °C. 

2.2  Electrochemical measurements 
Electrochemical catalytic activity (HER and OER) measurements 
were conducted on a CHI760e electrochemical workstation. 
A standard three-electrode system was adopted, including a  
1 cm × 1 cm platinum plate as the counter electrode in OER 
and a carbon rod as the counter electrode in HER, a mercuric 
oxide electrode (MOE) as the reference electrode, 1 cm × 1 cm 
prepared sample as the working electrode, and 1.0 M KOH 
solution as electrolyte. The contrast electrode samples of Pt/ 
C/NF and RuO2/NF were made by the following method: Firstly, 
3 mg Pt/C (20 wt.%) powder or RuO2 powder was dispersed in 
970 μL isopropyl alcohol; then 30 μL 5 wt.% Nafion was added 
into the solution as the binder and the mixture was sonicated 
for 30 min to obtain the uniform ink; finally, 670 μL catalyst 
ink was dropped on a 1 cm × 1 cm Ni foam (with a mass 
loading of 2 mg·cm–2). The potential was adjusted against 
reversible hydrogen electrode (RHE) by the equation: ERHE = 
EMOE + 0.098 V + 0.059 × pH. The cyclic voltammetry (CV) 
ranges from 0 V to 0.9 V vs. MOE for OER and from −0.7 V to 
−1.5 V vs. MOE for HER at 50 mV·s–1. The polarization curves 
were measured by the linear sweep voltammetry (LSV) method 
at a scan rate of 5 mV·s–1. The geometric double-layer capacitance 
(Cdl) was derived from CV curves at 5, 10, 25, 50, and 100 mV·s–1 
from −0.05 to 0.05 V vs. MOE. Electrochemical impedance 
spectroscopy (EIS) measurements were carried out at 0.7 V vs. 
MOE for OER and −1.35 V vs. MOE for HER from 105 to 0.1 Hz 
with an AC potential amplitude of 5 mV. Galvanostatic measure-
ments were applied on the OER and HER over a period of 
180,000 s at 10 and −10 mA·cm–2, respectively. Moreover, the 
catalytic performance of the samples for overall water splitting was 
measured in a two-electrode system. Two identical samples 
were used as both anode and cathode, while to the contrast 
electrode samples, the RuO2/NF was used for OER and the 
Pt/NF was used for HER. The long-term stability was measured by 
chronoamperometry at a constant current density of 10 mA·cm–2. 
The Faradaic efficiency (FE) was obtained by dividing the 
theoretical gas volume value by the actual gas volume value, 
and the gas volume was measured by the drainage method. 

2.3  Material characterizations 
The crystal structure of the samples was characterized by X-ray 
diffraction (XRD) (Rigaku D/Max 2500 V/PC). The morphology 
of the samples was characterized by a scanning electron 
microscope (SEM, Hitachi S-4800) equipped with an energy- 
dispersive spectrometer (EDAX Genesis XM2). A transmission 
electron microscope (TEM, JEOL JEM-2100F) was also used 
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to observe the structure. The chemical valence state was detected 
by X-ray photoelectron spectroscopy (XPS, Escalab 250, Thermo 
Scientific, USA). The physical surface area was measured by 
Brunauer–Emmett–Teller (BET) using an AutosorbiQ instrument 
(Quantachrome, US) at liquid-N2 temperature. 

2.4  Density functional theory (DFT) computational 

methods and details 
All calculations were performed using the plane-wave 
pseudopotential method in the framework of DFT [43]. The 
ion core and valence electron interaction were described by 
Vanderbilt-type ultrasoft pseudopotential [44]. The exchange- 
correlation interactions were treated by the generalized 
gradient approximation (PBE/GGA) scheme [45]. The kinetic 
energy cutoff was set to 350 eV. The convergence thresholds 
between optimization cycles for energy change and maximum 
force were set as 10–5 eV·atom–1 and 0.03 eV·Å–1, respectively. 
Surfaces of Co3O4 and Co9S8 were constructed using slab models 
with a vacuum thickness of 12 Å to avoid the interaction 
between periodic images. For Co3O4-Co9S8 heterostructures, 
the S-doped Co3O4 and O-doped Co9S8 surfaces were con-
structed to simulate the heterogeneous interfaces. 

The free energies of adsorbed species (H and OH) are defined 
as ΔG(H/OH) = ΔE(H/OH) + ΔEzpe − TΔS, where ΔE(H/OH) is the 
adsorption energy of adsorbed species from DFT calculation. 
ΔEzpe and ΔS are the difference in zero-point energies and 
entropy during the reaction, respectively. Free energies 
calculation details can refer to the previous reports [46–48]. 

3  Results and discussion 
The synthetic processes for Co9S8@Co3O4/NF nanocomposite are 
schematically illustrated in Fig. 1. The porous hybrid nanoarrays 
of Co9S8 nanoflakes wrapped Co3O4 nanoneedle on Ni foam 
were obtained by a step-wise strategy, including hydrothermal, 
oxidation and ion exchange sulfurization. Firstly, the 
Co(CO3)0.5(OH)0.11·H2O nanoneedles were fabricated on Ni 
foam by hydrothermal method and then were annealed to form 
Co3O4/NF through removing H2O and CO2. Subsequently, in 
the process of hydrothermal sulfuration, a high concentration 
of sulfur is adsorbed on the surface of cobalt oxide firstly. 
Then, the sulfur diffuses inward to replace part of oxygen atoms, 
causing a lattice distortion; at the same time, cobalt diffuses 
outward driven by the concentration difference and combines 
with sulfur to form cobalt sulfide, which is assembled on the 
Co3O4 matrix to obtain the final core–shell Co9S8@Co3O4/NF 

 
Figure 1  Schematic illustration of the preparation procedures for 
Co9S8@Co3O4/NF heterostructure hybrid electrode. 

[49–52]. Figure S1 in the Electronic Supplementary Material 
(ESM) exhibits the visible change of the fabricated integrated 
electrode after every synthesis step. A large number of nano-
flakes not only provide more nanointerface structures but also 
increase the specific surface area. An excessive concentration of 
Na2S during the ion exchange process leads to the generation 
of pure Co9S8 on the Ni foam support (see details in the 
experimental section). 

The phase structure of the prepared samples was characterized 
as shown in Fig. 2(a). In addition to the metallic nickel peaks 
at 44.5°, 51.8° and 76.4°, other diffraction peaks are distinct and 
well-indexed to the cubic Co3O4 (JCPDS 43-1003) or the cubic 
Co9S8 (JCPDS 02-1459), confirming the mixed-phase structure in 
Co9S8@Co3O4/NF. No peak of Co(CO3)0.5(OH)0.11·H2O appears 
in Co3O4/NF, and no peak from cobalt oxide appears in Co9S8/ 
NF, proving that all catalysts have been fully converted into 
target samples. 

Figure S2 in the ESM presents the phase and morphology 
of Co(CO3)0.5(OH)0.11·H2O/NF precursor, which exhibits a 
nanoneedle array structure with a smooth surface. The Co3O4/NF 
maintains the morphology from the Co(CO3)0.5(OH)0.11·H2O/NF 
(Fig. S3(a) in the ESM), indicating that the heat treatment 
with the escaping of CO2 and H2O cannot destroy the whole 
architecture. As for the Co9S8@Co3O4/NF (Fig. S3(b) in the 
ESM), the nanoneedle arrays are corroded by S2– and a large 
number of nanoflakes are in situ formed on the surface of the 
original nanostructure. Due to the mild sulfurization process by 
anion exchange growth, the needle-like nanoarrays structure 
has not been destroyed. Thus, the novel hierarchical nano-
architecture possesses an extremely high specific surface area 
that can provide abundant electrochemical active sites. From the 
SEM image of Co9S8/NF (when excessive Na2S is used, Fig. S3(c) 
in the ESM), the Co3O4 nanoneedle arrays have completely 
transformed into Co9S8 nanoflakes covering the whole surface. 

 
Figure 2  (a) XRD patterns of Co3O4/NF, Co9S8@Co3O4/NF and Co9S8/NF. 
(b) High-resolution TEM image of Co9S8@Co3O4/NF. (c) An enlarged 
visualization of the heterostructures with Co9S8 nanoflakes surrounding 
Co3O4 and the corresponding FFT. Yellow represents Co9S8, blue represents 
Co3O4, and green represents the heterogeneous zone. (d) Reverse FFT 
filtered fringes of (311) plane of Co9S8 and (331) plane of Co3O4 in (c). 
(e) EDS element mapping images of Co, O and S elements of the sample 
Co9S8@Co3O4/NF. 
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The micro-nano structures of prepared materials were 
also characterized by TEM for more details. Compared to 
Co(CO3)0.5(OH)0.11·H2O, the Co3O4 nanoneedle is composed of 
many nanoparticles with a size of 10–20 nm. Such a porous 
structure is formed due to the escaping CO2 and H2O (Fig. S4(a) 
in the ESM). The lattice spacing of 0.24 nm matches the (311) 
face of the Co3O4 spinel (Fig. S4(c) in the ESM). Meanwhile, 
the interplanar distance of 0.23 nm in Fig. S4(d) in the ESM 
corresponds to the lattice spacing of (331) for Co9S8. The 
Co9S8/Co3O4 hybrid with the porous hierarchical structure and 
rich heterointerfaces can be clearly observed (Fig. S5 in the 
ESM), which contributes to increasing the specific surface area 
of the catalysts and do the favor to the electrocatalytic process. 
As for the high-resolution TEM (HRTEM) of Co9S8@Co3O4/NF 
(Fig. 2(b)), the (331), (400) and (311) crystal planes of Co9S8 
can be detected in the external nanoflakes while the inner 
lattice corresponds to the (331) face of Co3O4. This result con-
firms the hierarchical porous structure of the Co9S8@Co3O4/NF 
with the Co3O4 core encapsulated by Co9S8 nanoflakes. Zooming 
in the connection area of the two phases (Fig. 2(c)), there is no 
directly touched heterointerface but a heterogeneous zone with 
an irregular lattice arrangement. The crystal planes on two 
sides can be confirmed as (311) of Co9S8 and (331) of Co3O4 
by fast Fourier transform (FFT), respectively. Noticeably, the 
corresponding inverse FFT diagram (Fig. 2(d)) indicates that 
the heterogeneous zone merges the orientation characteristics 
of the two crystal planes. The lattice spacing in the range of 
0.22–0.35 nm is different from 0.18 nm (331) nor 0.30 nm 
(311), showing a distorted arrangement and reduced degree 
of order. The existence of this heterogeneous interface zone is 
precisely due to the epitaxial growth toward cobalt sulfide with 
cobalt oxide as the cobalt source, which impels sulfur doping 
into Co3O4 and oxygen into Co9S8. Energy dispersive spectra 
(EDS) element mapping of Co9S8@Co3O4/NF hybrid in Fig. 2(e) 
shows that the Co and S are uniformly distributed on the 
whole nanoarchitecture. In contrast, the O element concentrates 
inside the region, which further confirms the heterogeneous 
nanostructure with Co9S8 shell and Co3O4 core. 

The surface elemental compositions and valence states of 
samples were analyzed by XPS (Fig. 3). The XPS survey spectrum 
of Co9S8@Co3O4/NF in Fig. 3(a) indicates the presence of Co, 
O, and S elements, confirming that the sulfur is successfully 
introduced into the surface. The XPS survey spectra of Co3O4/NF 
and Co9S8/NF are also shown in Fig. S6 in the ESM. For the 
high-resolution Co 2p XPS spectra of Co3O4/NF (Fig. 3(b)),  

 
Figure 3 (a) XPS survey spectra of Co9S8@Co3O4/NF. (b)–(d) High- 
resolution spectra of Co 2p, S 2p, and O 1s of Co3O4/NF, Co9S8@Co3O4/NF, 
and Co9S8/NF, respectively. 

the peaks of 796.2, 780.3 and 785.3 eV match well with 
previously reported Co3O4 [53–55]. As for Co9S8@Co3O4/NF, 
the peaks located at 796.8 and 781.1 eV correspond to Co 2p1/2 
and Co 2p3/2, respectively, as well as a satellite peak at 786.1 eV. 
Furthermore, the peak of 775.6 eV can be assigned to the 
Co–S bond [56, 57], illustrating that the surface of Co3O4 has 
been converted to Co9S8. Compared with the peaks at 796.6, 
780.9, 785.5 and 786.1 eV of Co9S8, the peaks of Co9S8@Co3O4/ 
NF exhibit a positive shift about 0.1 eV, indicative of the 
strong electronic interactions between Co3O4 and Co9S8. As 
for S 2p spectra (Fig. 3(c)), the peaks at 162.1 and 163.8 eV of 
Co9S8@Co3O4 are assigned to S 2p3/2 and S 2p1/2, respectively [58]. 
Otherwise, the peak at 162.1 eV is attributed to the low surface 
coordination of S2– and the peak at 163.8 eV comes from the 
metal–sulfur bond [59]. Meanwhile, a positive shift of about 
0.2 eV of S 2p3/2 and S 2p1/2 in Co9S8@Co3O4/NF compared 
with that in Co9S8/NF (161.9 eV and 163.6 eV), suggests a 
changed electron density around S after introducing the 
sulfide. The high-resolution O 1s spectra of Co9S8@Co3O4/NF 
and Co3O4/NF are shown in Fig. 3(d). The two peaks of 531.2 
and 532.4 eV in Co9S8@Co3O4/NF can be indexed to oxygen- 
containing groups on the surface [26, 60]. Compared to Co3O4/ 
NF, these peaks are slightly shifted due to the generation of 
heterogeneous interface zones. Moreover, the peak of lattice 
oxygen at 529.6 eV disappears in the Co9S8@Co3O4, which affirms 
the formation of Co9S8 on the surface of Co3O4 nanoneedle 
heterostructures. 

In order to explore the effect of the special heterostructure, 
the catalytic performance of obtained samples toward HER 
and OER was evaluated. Bare Ni foam (NF) and commercial 
RuO2 loading on Ni foam (RuO2/NF) were also tested for com-
parison (Fig. S7 in the ESM). In Fig. 4(a), the Co9S8@Co3O4/NF 
only requires an overpotential of 331 mV to reach a large OER 
current density of 100 mA·cm–2, which is significantly lower 
than those of bare Ni foam (706 mV), Co9S8/NF (444 mV) and 
Co3O4/NF (518 mV, Fig. S8(a) in the ESM). Combined with the  

 
Figure 4  ((a)–(c)) OER and ((d)–(f)) HER performance of Co3O4/NF, 
Co9S8@Co3O4/NF, Co9S8/NF, bare NF, commercial Pt/C and RuO2 in 1 M 
KOH. (a) and (d) Polarization curves of the samples at a scan rate of 5 mV·s–1. 
(b) and (e) Corresponding Tafel plots. (c) and (f) Polarization curves of 
Co9S8@Co3O4/NF before and after 2,000 CV cycles for OER and HER, 
respectively. Insets of (c) and (f) show the chronopotentiometry curves of 
Co9S8@Co3O4/NF at a constant current density of 10 mA·cm–2. 
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limited OER activity of Co(CO3)0.5(OH)0.11·H2O/NF (Fig. S9(a) 
in the ESM), the superior performance of Co9S8@Co3O4/NF 
demonstrates that the heterogeneous zones between Co9S8 and 
Co3O4 play an essential role in reducing the OER overpotentials. 
Moreover, the presented OER performance of Co9S8@Co3O4/NF 
even far exceeds that of state-of-art RuO2 (515 mV) and ranks as 
one of the most active nonprecious-metal-based electrocatalysts 
(Table S1 in the ESM). 

Besides, the fitted Tafel value of Co9S8@Co3O4/NF catalyst is 
65.5 mV·dec–1, lower than those of Co3O4/NF (157.8 mV·dec–1), 
Co9S8/NF (117.3 mV·dec–1), RuO2/NF (148.1 mV·dec–1) and bare 
Ni foam (188.9 mV·dec–1, Fig. 4(b)), illustrating more favorable 
OER kinetics. Additionally, the long-term stability was tested by 
cyclic voltammetry (CV) and chronopotentiometry methods. 
The LSV curve of Co9S8@Co3O4/NF catalyst almost maintains 
the same after 2,000 consecutive cycles (Fig. 4(c)), indicating 
an excellent OER durability. This is further corroborated by the 
chronopotentiometry curve with no noticeable degradation 
after 50 h at 10 mA·cm–2 (inset of Fig. 4(c)).  

To develop the bifunctional activity for water splitting, the 
HER performances of all prepared samples and commercial Pt/C 
were evaluated (Fig. 4(d) in the ESM). The Co9S8@Co3O4/NF 
delivers the best performance with an overpotential of 130 mV at 
10 mA·cm–2, much lower than those of NF (263 mV), Co3O4/ 
NF (177 mV) and Co9S8/NF (188 mV, Fig. S8(b) in the ESM) 
and also superior to the reported transition-metal-based 
nanocatalysts (Table S2 in the ESM). Moreover, the Tafel slope of 
Co9S8@Co3O4/NF for HER is determined to be 123.0 mV·dec–1 
(Fig. 4(e)), much smaller than those of Co3O4/NF (190.4 mV·dec–1), 
Co9S8/NF (163.1 mV·dec–1) and NF (243.9 mV·dec–1). It proves 
that the enhanced HER reaction kinetics belongs to the Volmer- 
Heyrovsky mechanism [34], benefiting from the Co9S8/Co3O4 
coupled heterostructures. The HER stability testing shows that 
the polarization curve of Co9S8@Co3O4/NF maintains unchanged 
after 2,000 cycles (Fig. 4(f)). Besides, no apparent degradation 
can be detected on the HER overpotential of Co9S8@Co3O4/NF 
after continuous operation for 50 h (inset of Fig. 4(f)), 
suggesting the remarkable durability of the novel heterostructure 
nanocomposite. Therefore, considering the excellent OER and 
HER electrocatalytic properties, the designed Co9S8@Co3O4/NF 
heterogeneous electrode shows excellent potential for practical 
water splitting application. 

The Co9S8@Co3O4/NF heterostructures with different S 
contents were also synthesized at different amounts of added 
Na2S in the sulfidation step (Fig. S10 in the ESM). Electro-
chemical tests show that an appropriate S content in the 
Co9S8@Co3O4/NF hybrid achieves the best HER and OER 
performance while an excessive one hinders the catalytic 
behavior (Fig. S11 in the ESM). To essentially explore the reason 
for the enhanced bifunctional activity of Co9S8@Co3O4/NF, the 
reaction resistance was measured by EIS. As displayed in Figs. 5(a), 
5(b) and Fig. S12 in the ESM, Co9S8@Co3O4/NF gives the 
lowest charge transfer resistance value (Rct) compared with 
single-phase Co3O4/NF and Co9S8/NF as well as the 
Co(CO3)0.5(OH)0.11·H2O/NF (Tables S3 and S4 in the ESM), 
indicating the highly efficient electron transfer during OER 
and HER processes. It is generally known that oxide performs 
poor conductivity in comparison to sulfide. Therefore, the 
enhanced efficient charge transfer of Co9S8@Co3O4/NF is 
attributed to the introduction of Co9S8 and the presence of the 
heterogeneous interface zone between Co9S8 and Co3O4. N2 
adsorption–desorption isotherms demonstrate that the BET 
specific surface areas are determined to be about 40.4, 17.7 
and 18.1 m2·g–1 for Co9S8@Co3O4/NF, Co3O4/NF and Co9S8/NF, 
respectively (Fig. 5(c) in the ESM). This is because that the 
formation of Co9S8 nanoflakes on Co3O4 nanoarrays could  

 
Figure 5  EIS Nyquist plots for (a) OER at 1.62 V vs. RHE and (b) HER 
at −0.43 V vs. RHE of Co3O4/NF, Co9S8/NF, Co9S8@Co3O4/NF, bare NF, 
Pt/C/NF and RuO2/NF, respectively. Insets in (a) and (b) show simplified 
equivalent circuits. (c) N2 adsorption–desorption isotherms and specific 
surface areas. (d) ECSA values are determined by the Cdl method. 

expose more physical surface area. However, the excessive 
sulfuration leads to the growth of more extensive and thicker 
Co9S8 nanoflakes, which destroy the nanoarray structure and 
reduce the surface area. Hence, such a unique hierarchical 
porous structure could provide sufficient contact area with 
electrolyte, facilitating the mass transfer process. Furthermore, 
electrochemical surface area (ECSA) was determined by the 
electrical double-layer capacitance (Cdl). The corresponding 
Cdl values of Co9S8@Co3O4/NF, Co3O4/NF and Co9S8/NF are 
calculated to be 141.3, 30.9 and 51.3 mF·cm–2 (Fig. 6(d) and 
Fig. S13 in the ESM), respectively. The ECSA value (Fig. S14 
in the ESM) of Co9S8@Co3O4/NF is about 4.5 times higher 
than that of Co3O4/NF, while the BET area is only 2.3 times, 
highlighting the critical role of heterostructure nanointerface 
zone in activating more electrochemical active sites for 
the catalytic reactions. Besides, the normalized density of 
Co9S8@Co3O4/NF is better than those of Co3O4/NF and Co9S8/NF 
(Table S5 in the ESM), identifying the increased intrinsic 
activity. These results demonstrate that the oxide/sulfide  

 
Figure 6  (a) The overall water-splitting polarization curves in 1.0 M KOH at 
5 mV·s–1. (b) The digital photograph of overall water-splitting using 
Co9S8@Co3O4/NF catalyst for cathode and anode at 10 mA·cm–2. (c) Continuous 
overall water-splitting of Co9S8@Co3O4/NF at 10 mA·cm–2 for 50 h. (d) The 
theoretical and experimental gas volumes of H2 and O2 versus time. 
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heterogeneous hybrid can synergistically accelerate the charge 
transfer and increase active areas, resulting in superior HER 
and OER performance. 

To further study the accessible potential for overall water- 
splitting, the synthesized catalyst was constructed as cathode 
and anode in a two-electrode electrolytic setup. Significantly, 
the Co9S8@Co3O4/NF heterostructure affords a potential of 
1.52 V at 10 mA·cm–2 (Fig. 6(a) in the ESM), which is lower 
than those of single Co3O4/NF (1.64 V), Co9S8/NF (1.59 V), 
and Co(CO3)0.5(OH)0.11·H2O/NF (1.70 V, Fig. S15 in the ESM), 
affirming the essential effect of the heterogeneous zone between 
oxide and sulfide. Such a high activity of Co9S8@Co3O4/NF 
hybrid even outperforms the commercial Pt/C-RuO2/NF 
couple (1.56 V) and other previously related electrocatalysts 
for overall water-splitting (Table S6 in the ESM). In addition, 
as shown in Fig. 6(b) in the ESM, many gas bubbles can be 
clearly observed on both anode and cathode electrodes when the 
electrolyzer is working, demonstrating the high energy efficiency 
and potential application. More fortunately, Co9S8@Co3O4/NF 
heterogeneous arrays display superior durability with negligible 
performance reduction for more than 50 h continuous 
electrolysis at 10 mA·cm–2 (Fig. 6(c)). In addition, a good stability 
can be still maintained at a large current of 50 mA·cm–2 (Fig. S16 
in the ESM). The remained hierarchical heterostructures of 
Co9S8@Co3O4/NF nanoarrays after the long-term operation 
further evidence its outstanding structural stability (Fig. S17 
in the ESM). Further XPS and TEM results (Figs. S18 and S19 in 
the ESM) show that amorphous cobalt oxide and oxyhydroxide 
are formed on the surface after long-term test [61]. Meanwhile, 
the Faradaic efficiency (FE) of the Co9S8@Co3O4/NF electro-
chemical system is almost 100% for both OER and HER 
processes (Fig. 6(d) in the ESM), proving the excellent 
catalytic activity of the Co9S8@Co3O4/NF hybrid electrode. 
Refer to the above-enhanced properties, the construction of 
Co9S8@Co3O4/NF alkaline electrolyzer is of great significance 
for both academic and industrial areas.  

To better understand the synergistic effect of heterointerface 
zone on overall water-splitting catalytic performance, we carried 
out DFT to calculate the chemisorption energies of hydrogen 
(ΔGH) and hydroxide (ΔGOH) for the surface of Co3O4, 
S-doped Co3O4, Co9S8, and O-doped Co9S8 surface (Fig. 7(a)). 
It should be noted that there is only one position for S-doped 
Co3O4 while there are six different sites for O-doped Co9S8 
surface (Figs. S20 and S21 in the ESM). Based on the principle 
of minimizing energy, the most stable model was selected for 
the subsequent computations (Table S7 in the ESM). As we all 
know, the value of Gibbs free energy for H adsorption (ΔGH) 
can be employed to evaluate the HER activity [62]. It is 
generally believed that when the ΔGH value is close to 0, HER 
reaction is favorable to occur, which means a higher HER 
activity [63]. As shown in Fig. 7(b) in the ESM, for the surface 
of Co3O4, the calculated ΔGH on Co site (Co3O4-Co-H) and O 
site (Co3O4-O-H) is as high as 0.58 and 0.65 eV, respectively, 
indicating that the HER performance of S-free Co3O4 surface 
is poor. Next, we constructed an element-doped model to 
simulate the heterointerfaces at the atomic level for the 
calculation. When S is doped into Co3O4 surface, the free 
energy of H on Co site (S/Co3O4-Co-H) is decreased to 0.43 
eV, revealing that the incorporation of S can enhance the HER 
activity of Co3O4 matrix. It is worth noting that the ΔGH value 
of S/Co3O4-S-H is almost close to 0 (0.01 eV), suggesting S 
atoms in Co3O4 of nanointerface actually act as the highly 
active sites for HER. As for the case of Co9S8, the ΔGH on two 
kinds of S sites (i.e., S1 and S2) is 1.18 eV (Co9S8-S1-H) and 
0.74 eV (Co9S8-S2-H), which is much larger than those on the  

 
Figure 7  (a) Chemisorption models and their corresponding adsorption 
energies of H and OH intermediates on Co9S8, S-doped Co3O4 and O- 
doped Co9S8. (b) The free energy diagrams of H and OH on Co3O4, Co9S8, 
S-doped Co3O4 and O-doped Co9S8. 

surface of O-doped Co9S8 (two kinds of O sites: O/Co9S8-O1-H 
(0.06 eV), O/Co9S8-O2-H (−0.11 eV)). These results reveal 
that both doped S into Co3O4 and doped O into Co9S8 could 
efficiently improve the HER performance of resultant hybrids. 
Thus, it is concluded that the Co3O4/Co9S8 heterostructure 
possesses much higher HER catalytic activity than those of 
individual Co3O4 and Co9S8, consistent with the experimental 
analysis. Moreover, to evaluate the OER process (Fig. 7(c)), the 
adsorption ability for OH– on the interfacial sites was calculated. 
As expected, the adsorption free energy value for OH– on two 
kinds of Co sites (i.e., Co1 and Co2) of O-doped Co9S8 (ΔGOH = 
−0.49 eV and 0.09 eV) is much lower than that of O-free Co9S8 
(ΔGOH = 0.16 eV), which means that the OH– group can be 
absorbed on the surface of O-doped Co9S8 more easily, and 
thus the OER performance can be significantly facilitated. In 
particular, activated by the doped negative O atoms, the Co2 
site in O-doped Co9S8 shows the strongest adsorption for OH–, 
suggesting that the Co2 site at the interface acts as a more efficient 
site for catalyzing OER. The high consistency between theoretical 
and experimental demonstrates that the synergistically promoted 
adsorption and cleavage of H2O molecule on the heterogeneous 
interface is the reason for the enhanced hydrolysis perfor-
mance on Co9S8@Co3O4/NF hybrid nanocatalysts. In summary, 
the excellent catalytic activity is attributed to the following 
advantages: (i) Highly conductive Ni support facilitates the 
efficient charge transfer; (ii) porous core shell nanoarchitecture 
benefits the infiltration and transportation of gas/ions; 
(iii) heterogeneous interface zone synergistically favors the 
chemisorption energy of hydrogen and oxygen intermediates. 

4  Conclusions 
To sum up, we have successfully synthesized a hierarchically 
porous hybrid heterostructure on Ni foam, which is consisted 
of Co9S8 nanoflakes supported on Co3O4 nanoneedles, via a 
simple, efficient, and low-temperature step-wise strategy. The 
novel core-shell Co9S8@Co3O4/NF nanoarrays with high specific 
surface area and enriched heterostructures exhibit excellent 
bifunctional catalytic activities and long-term stability in an 



 Nano Res. 2022, 15(2): 1246–1253 

 | www.editorialmanager.com/nare/default.asp 

1252 

alkaline environment. The Co9S8@Co3O4/NF catalyst can be 
accessible for both HER and OER in overall water splitting, 
and the cell voltage to afford 10 mA·cm–2 is as low as 1.52 V, 
which even surpasses Pt/C-RuO2 couple and previously developed 
earth-abundant electrocatalysts. The excellent catalytic per-
formance of Co9S8@Co3O4/NF can be attributed to its good 
electrical conductivity, the porous core–shell nanoarchitecture 
and the interfacial effect between the two heterogeneous 
phases. Further analysis by DFT calculation reveals that the 
synergistic effect between Co9S8 and Co3O4 at the interface 
indeed increases active sites with high reactivity for water 
splitting, deepening the understanding of the Co9S8/Co3O4 
heterogeneous interface zone synergistic mechanism. This work 
provides a controllable and efficient method for the growth of 
heterostructure nanocomposites, which can shed light on the 
rational design and interface engineering of high-performance 
hybrid nanomaterials for energy-related technologies. 
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