
Lawrence Berkeley National Laboratory
Chemical Sciences

Title
Fullerene‐Like Nickel Oxysulfide Hollow Nanospheres as Bifunctional Electrocatalysts for 
Water Splitting

Permalink
https://escholarship.org/uc/item/6cn4v397

Journal
Small, 13(6)

ISSN
1613-6810

Authors
Liu, Junli
Yang, Yong
Ni, Bing
et al.

Publication Date
2017-02-01

DOI
10.1002/smll.201602637
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6cn4v397
https://escholarship.org/uc/item/6cn4v397#author
https://escholarship.org
http://www.cdlib.org/


communications

1602637  (1 of 6) www.small-journal.com © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Fullerene-Like Nickel Oxysulfide Hollow Nanospheres as 
Bifunctional Electrocatalysts for Water Splitting
Junli Liu, Yong Yang, Bing Ni, Haoyi Li, and Xun Wang*

and OER activity by itself. However, when constructed by 
in situ growth on the surface of nickel foam, such fullerene-
like nickel oxysulfide hollow nanospheres/Ni foam com-
posite (FNHNs/NF) exhibited exhilaratingly high HER and 
OER performance simultaneously in 1 m KOH, which could 
be attributed to the synergetic effect of the proper ratios 
of sulfur and oxygen. We predict this work could open up a 
very promising prospect for non-noble metal oxysulfides as 
bifunctional electrocatalysts.

In a typical synthesis, by taking advantage of sulfur 
powder and nickel chloride hexahydrate as precursors and 
n-octylamine, oleic acid, and ethanol as solvents, FNHNs 
were facilely obtained at 180 °C for 8 h (details in the Sup-
porting Information). The FNHNs/NF was synthesized 
just by adding a piece of clean nickel foam (≈1 × 2 cm2) to 
above FNHNs system, and after 8 h at 180 °C we successfully 
obtained the composite (details in the Supporting Informa-
tion). Figure 1a,b displays transmission electron microscopy 
(TEM) images with different magnifications, and Figure 1c,d 
shows the high angle annular dark field scanning transmission 
electron microscopy (HAADF-STEM) images of FNHNs. 
The closed cage structures shown in TEM and the 3D round 
shapes shown in STEM images demonstrate that we really 
prepared fullerene-like hollow nanospheres with diameters 
about 40–50 nm and interlayer spacing about 3 nm. The TEM 
image of FNHNs detached ultrasonically from the Ni foam 
substrate is displayed in Figure S1 (Supporting Information). 
Figure S2a,b (Supporting Information) shows scanning elec-
tron microscopy (SEM) patterns of FNHNs and FNHNs/
NF, respectively. Interestingly, the morphology of fullerene-
like hollow nanospheres has almost not changed after being 
decorated on the surface of nickel foam. Furthermore, as the 
best of our knowledge, the nickel foam possesses electro-
catalytic property due to the special porous structure, which 
could provide extensive surface to connect with FNHNs. As 
a consequence, the synergetic effect of FNHNs and nickel 
foam makes it favor the transmission of gas and electrolyte 
in improving its electrocatalytic performance.[5] To iden-
tify the component of FNHNs, a series of characterizations 
including the energy dispersive spectroscopy line scan, X-ray 
diffraction (XRD), X-ray photoelectron spectra (XPS), and 
inductively coupled plasma optical emission spectrometer 
(ICP-OES) were performed. The energy dispersive spectros-
copy line scan of FNHNs (Figure 1g) displays the composition 
difference in outer and inner nanospheres. Indeed, the dis-
persion of constituents confirms we obtain the fullerene-like 
nickel oxysulfide hollow nanospheres. XRD (Figure  S3a,b, DOI: 10.1002/smll.201602637
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With the increasing demands of energy and consumption of 
fossil fuel, it has become a prevailing trend to explore new 
methods used for efficient extraction of energy. Recently, 
electrochemical water splitting has attracted tremendous 
attention to produce eco-friendly, renewable, and clean 
hydrogen and oxygen energy.[1] In order to increase the reac-
tion rate and lower the overpotential,[2] it is necessary to 
develop highly efficient electrocatalysts for HER (hydrogen 
evolution reaction) and OER (oxygen evolution reaction).[3] 
Pt-group metals are currently the state-of-the-art catalysts for 
HER[4] and Ir-, Ru-based materials show the highest OER 
activity.[5] Nevertheless, the scarce, high cost, low bifunction-
ality shortcomings of these kinds of noble metal catalysts 
limit their applications.[6] Recently, non-noble metal (e.g., 
Ni, Co, Fe, Mo, and W)-based materials have been explored 
extensively as HER or OER electrocatalysts on various sup-
ports.[7] And there is no doubt that non-noble metal chalco-
genides among these materials have attracted considerable 
research interests in studying their excellent electrochemical 
properties as catalysts for HER or OER.[8] For example, Xu 
et al. reported ultrasmall Cu7S4@MoS2 heteronanoframes 
with abundant active edge sites for ultrahigh-performance 
hydrogen evolution.[9] Lin et al. reported a Ni3S2 and multi-
walled carbon nanotubes nanocomposite with high catalytic 
activity for HER.[10] Zhou et al. synthesized Ni3S2 nanorods 
as an efficient electrocatalyst for OER.[11] Consequently, it is 
important to design advanced electrocatalysts for HER and  
OER by tuning the structure of non-noble metal chalco
genides. However, there still are some difficulties for sulfides 
in electrocatalytic performance, such as the difficulty of 
preparation and poor stability. Moreover, some sulfides could 
not catalyze the HER and OER simultaneously and during 
the electrochemically catalytic process, they usually perform 
poor stability and change into oxides or hydroxides.[12]

In this work, we successfully prepared a sort of fullerene-
like nickel oxysulfide bifunctional electrocatalyst by a 
solvothermal method. We found the fullerene-like nickel  
oxysulfide hollow nanospheres (FNHNs) with little HER 
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Supporting Information) and ICP-OES (Table  S1, Sup-
porting Information) data suggest the products are mix-
ture of nickel sulfide and nickel oxide, which is consistent 
with XPS data (Figure  S4a,b, Supporting Information). The 
fitted peaks of Ni at 875.1 eV (2p1/2) and 857.3 eV (2p3/2), S  
at 168.6 eV (2p1/2) and 161.7 eV (2p3/2) are similar to those 
reported for Ni3S2, NiS, NiS2, and NiO.[1b,15] And the corre-
sponding formula of the oxysulfide was given of NiS0.28O0.72.

We also continue to carry out a series of experiments 
to investigate the mechanism. We found the ratios of sulfur 
and ethanol are not the crucial factors for the formation of 
FNHNs, and they just could influence the purity (Figures S5 
and S6, Supporting Information). Nevertheless, tempera-
ture and reaction time could affect the morphology directly. 
A series of TEM images suggest the FNHNs are difficult to 
form at low temperature (Figure S7a, Supporting Informa-
tion). And when temperature is set higher, although FNHNs 
exist, there also appear some sheets and tubes (Figure S7b,c, 
Supporting Information). Furthermore, we also investi-
gate the formation process of FNHNs at different reaction 
time (Figure S8, Supporting Information). Interestingly, 
there are just some nanoparticles before 3 h, but from 3 h, 
there start appearing plenty of FNHNs and multiwalled 
nanotubes (MWNs) (Figure S8c, Supporting Information). 
Consequently, we consider the nanoparticles assembly into 
MWNs, which self-roll to form the FNHNs. With the reaction 

time extending, nearly all MWNs transfer into FNHNs, and 
there are no MWNs being observed. In other words, after 
3 h, reaction time just could impact the purity of materials 
(Figure S8d,e, Supporting Information). Of course, the trans-
formation between MWNs and FNHNs is a reversible pro-
cedure. At higher temperature, FNHNs also could dissociate 
into MWNs (Figure S7c, Supporting Information). At the same 
time, hetero metal ions have been also studied (Figures S9–S11,  
Supporting Information). Although the composition changes 
(Figure S3c, Supporting Information), the morphology of 
FNHNs is still kept. Moreover, the FNHNs possess layer-
by-layer structure. Figure 2a exhibits the result of small 
angle X-ray diffraction (SAXD) of FNHNs. Obviously, there 
appears an evident peak at 2.86°(2θ), which corresponds 
to layer spacing of 3.09 nm according to Bragg equation. 
Thermo gravimetric analysis (TGA) and differential thermal 
analysis (DTA) were used to test the amount of residual 
organic component in FNHNs. Figure 2b displays the TGA 
(black line) and DTA (red line) curves, which indicate a 
gradual slope before 300 °C resulting from the decomposi-
tion of n-octylamine and oleic acid, and the mass is about 
3.5%. After 300 °C, the sharp decline could be attributed to 
the collapse of fullerene-like hollow nanospheres structure 
and the decomposition of nickel oxysulfide, and during the 
process, there also follows a relatively evident endothermic 
peak at ≈500 °C (DTA curve).
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Figure 1.  a,b) TEM images of FNHNs with different magnifications. c,d) STEM images of FNHNs. e) Bare Ni foam substrate. f) In situ growth of FNHNs 
on Ni foam. g) Energy dispersive spectroscopy line scan of FNHNs suggests composition difference in outer and inner nanospheres, in which the 
red arrow (inset) shows the scan direction. Scale bar: a) 200 nm; b) 50 nm.
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The nickel foam acts as a substrate that anchors the 
FNHNs. And the resulting nickel foam surface is completely 
black in color (Figure 1e,f), indicating the uniform forma-
tion of FNHNs on the surface of nickel foam. Then the elec-
trocatalytic OER activity of the FNHNs/NF (Figure 3) was 
tested in an alkaline solution (1 m KOH) using a standard 
three-electrode system (without iR compensation). As com-
parison, FNHNs, CoNi2S4, and Ni foam were also measured 
under identical conditions. The linear sweep voltammetry 
(LSV) (Figure 3a) and cyclic voltammetry (CV) (Figure S12, 
Supporting Information) curves exhibit significant differ-
ences in OER activities of different materials. All potentials 
were measured against a saturated calomel electrode and 
are reported with respect to a reversible hydrogen electrode 
(RHE). All the current density for nickel foam based mate-
rials represented the geometric current density, because it 
was difficult to measure the true area of nickel foam. Obvi-
ously, the FNHNs/NF perform excellent OER activity, which 
exhibit a low overpotential of 0.29 V at the current density of 
10 mA cm−2 and a Tafel slope of 62.38 mV dec−1 (Figure 3b). 
At the same condition, the FNHNs just possess little OER 
performance, which could be attributed to the diameter of 
FNHNs (≈50 nm). It is reasonable to consider that electrons 
are difficult to transfer between different FNHNs, while the 
introduction of nickel foam could improve the conductivity 
as well as the activity of FNHNs. According to related report, 
electrochemical surface area and conductivity are two vital 
factors, which could increase the activity of catalysts.[13] 
Accordingly, the electrochemically active surface area was 
estimated from the electrochemical double layer capacitance. 
And CV was carried out to investigate the electrochemical 
double layer capacitance at non-Faradaic overpotentials 
(Figure S13, Supporting Information). Obviously, the result 
suggested that FNHNs/NF really provide larger active area 
than NF for more catalytic reactions to occur on it. As far 
as we know, the nickel foam is a kind of polyporous mate-
rial and own fine electrochemical performance (Figure 3a,b) 
to some degree. Additionally, maybe during the process of 
the in situ directional growth of FNHNs on the nickel foam, 
oleic acid and n-octylamine as ligands were removed from 
the surface of spheres, which dramatically improve the con-
ductivity and expose the catalytic surface. And we also inves-
tigated the change of FNHNs/NF before and after OER by 

means of XPS (Figure S14, Supporting 
Information). It revealed that after OER 
the peak of metal nickel disappeared 
and the amount of oxygen increased evi-
dently. This result suggested there was 
the oxide layer forming on the surface of 
nickel based material, which also could 
improve the catalytic performance for 
OER.[14] Moreover, we also measured the 
CoNi2S4 FNHNs (preparation and charac-
terization seen in Figures S3b and S4c–e, 
Supporting Information). It requires an 
overpotential of 0.34 V to afford a current 
density of 10 mA cm−2 and Tafel slope of 
68.76 mV dec−1 (Figure 3a,b), which per-
forms higher catalytic activity than nickel 

foam and nickel oxysulfide nanospheres. To the best of our 
knowledge, some derivatives of cobalt also possess favorable 
electrocatalytic property.[15] So it is reasonable to explain 
that the introduction of cobalt salt could further ameliorate 
the property in electrochemical catalyst. In addition to the 
catalytic activity, we also investigated the long term electro-
chemical stability of the FNHNs/NF (Figure 3c) for OER at 
a static potential of 1.578 V versus RHE. The stability line 
reveals that after 10 h, the current density increased. XPS was 
adopted to investigate the FNHNs/NF before and after OER 
stability test (Figure S14, Supporting Information). The result 
implied that maybe there was an oxide layer forming on the 
surface of material,[6,16] which could ameliorate the perfor-
mance of OER[17] and lead to the current density increasing.

To probe the fitness of FNHNs/NF catalysts in the 
full water splitting process, we also did the HER perfor-
mance test of all samples in 1 m KOH solution in a three-
electrode system. Figure 4a,b shows the results of LSV and 
Tafel slope. For the FNHNs/NF, onset potential is ≈−50 mV 
(vs RHE) and an overpotential of 0.14 V was needed to 
reach the current density of 10 mA cm−2 with a Tafel slope 
of 81.63 mV dec−1. Such a Tafel slope of the FNHNs/NF 
suggests a combined Volmer–Heyrovsky mechanism for 
hydrogen evolution. And the excellent HER performance 
could be ascribed to the removal of ligands from FNHNs, 
which gives rise to the improvement of conductivity and 
catalytic surface exposed. Furthermore, the special porous 
structure of nickel foam could offer large electrochemical 
surface and result in more active site exposed. Accordingly, 
the FNHNs/NF HER activity (onset potential ≈−50 mV) 
nearly competes with Pt/C (20%) (onset potential 0 V). 
Meanwhile the result also reveals that artful construction 
can directly influence catalytic activity. Although the onset 
potentials of nickel oxysulfide and CoNi2S4 (corresponding 
to 0.295 and 0.2 V, respectively) are higher than FNHNs/NF. 
At least, to some extent, it indicates that the introduction of 
cobalt could increase the amount of active sites and improve 
the HER performance (Figure S15, Supporting Information). 
The durability test of FNHNs/NF (Figure 4c) was operated 
at the static potential of −0.242 V for 10 h. The XPS peak 
of nickel (Figure S14, Supporting Information) showed the 
metal nickel peak disappeared after HER stability test and 
the amount of oxygen increased distinctly according to the 
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Figure 2.  a) Small angle X-ray diffraction (SAXD) of FNHNs. b) TGA and DTA curves of FNHNs. 
The data were collected under argon gas atmosphere with a temperature increasing rate of 
10 °C min−1.
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Figure 4.  a) HER polarization curves (without iR-correction) of FNHNs/NF, CoNi2S4 FNHNs, FNHNs, Ni foam, and Pt/C (20%) with a scan rate of 
1 mV s−1. b) Corresponding Tafel plots of HER. c) The time-dependent current density curve of FNHNs/NF at a static potential of −0.242 V versus 
RHE for 10 h, in 1 m KOH.

Figure 3.  a) OER polarization curves (without iR-correction) of FNHNs/NF, CoNi2S4 FNHNs, FNHNs, and Ni foam with a scan rate of 1 mV s−1. b) Corresponding 
Tafel plots of OER. c) The time-dependent current density curve of FNHNs/NF at a static potential of 1.578 V versus RHE for 10 h, in 1 m KOH.
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element dispersion. Accordingly, it is reasonable for the cur-
rent density to decrease during the process.

As a bifunctional catalyst, two pieces of FNHNs/NF 
(≈1 × 2 cm2) were used to construct a two-electrode electro-
lyzer system. Figure 5a shows the simulated diagram, and the 
FNHNs (green spheres) disperse uniformly on the surface of 
NF. Figure 5b simulates a real overall water-splitting system 
in 1 m KOH solution. Apparently, there produced a lot of 
bubbles on the surfaces of anode and cathode continuously. 
Figure 5c displays the LSV plot of overall water splitting. It 
achieved 10 mA cm−2 at 1.55 V, which was much lower than 
some reported materials.[6] In a word, all of the experiments 
described above revealed that the FNHNs/NF is a highly 
effective bifunctional catalyst in strong alkaline electrolyte.

In summary, we have successfully synthesized in situ 
grown nickel oxysulfide fullerene-like hollow nanospheres on 
3D nickel foams as a kind of efficient bifunctional electro-
catalyst in strongly alkaline electrolytes (1 m KOH solution). 
Attributed to the extensive surface area, well conductive 
property of the nickel foam and the novel fullerene-like 
hollow nanospheres structure of nickel oxysulfide with uni-
form distribution and combination with the nickel foam 
closely, under the synergetic effect of FNHNs and nickel 
foam, the FNHNs/NF composite afford the current density 
of 10 mA cm−2 at low overpotentials of 0.29 V (vs RHE) for 
OER and 0.14 V for HER (vs RHE) in 1 m KOH. Further-
more, the FNHNs/NF could produce stable hydrogen and 
oxygen evolution at low overpotential over long period of 
time. Consequently, there is no doubt that the in situ growth 

of FNHNs on nickel foam by a solvothermal method would 
provide a promising direction for developing low-cost and 
high activity water-splitting electrocatalysts of non-noble 
metal oxysulfides.

Experimental Section

Materials: Nickel chloride hexahydrate (NiCl2·6H2O), cobalt 
nitrate hexahydrate (Co(NO3)2·6H2O), S powder, oleic acid, and 
ethanol were purchased from Sinopharm Chemical Reagent Co., 
Ltd. n-Octylamine was bought from Aladdin Ltd. (Shanghai, China).

Characterization: TEM images were taken with a HITACHI 
H-7700. HRTEM (high resolution transmission electron micros-
copy) images, and energy-disperse X-ray spectra were taken with a 
Tecnai G2 F20 S-Twinhigh-resolution transmission electron micro-
scope at 200 KV equipped with HAADF-STEM. SEM images were 
taken with a HITACHI SU8010. XRD characterization was carried 
on a BrukerD8 Advance using Cu Kα radiation (λ = 1.5418 Å). XPS 
were recorded on a PHI Quantera SXM spectrometer using mono-
chromatic Al Kα X-ray sources (1486.6 eV). Electrochemical studies 
were carried out on a CHI660E B15057 electrochemistry worksta-
tion (CH Instruments, Inc., Shanghai). ICP-OES was measured on 
iCAP 6300 (ThermoFisher corporation).

Synthesis of Nickel Oxysulfide FNHNs: 0.0096 g S powder was 
weighed into 10 mL polytetrafluoroethene autoclave and 1 mL 
n-octylamine was added and stirred for 1 h. Then 2 mL oleic acid 
was injected into the autoclave. Finally the ethanol solution of 
NiCl2·6H2O (0.2377 g NiCl2·6H2O was dissolved in 6 mL ethanol) 
was transferred into the system and stirred for 30 min. After all 
these steps were done, the autoclave was sealed and put into 
oven set temperature at 180 °C for 8 h to react. After cooling down, 
the products were washed three times by using ethanol and cen-
trifuged at 7000 rpm for 2 min. Then samples were dispersed in 
cyclohexane. The solution was diluted and a drop was dropped on 
TEM grid for morphology test.

The ratios of salts and solvent were optimized to get pure 
FNHNs. Changing them slightly could also get the FNHNs, but 
purity was lower.

Preparation of Nickel Oxysulfide/Ni Foam Composite: A piece 
of Ni foam (1 × 2 cm2) was sonicated in acetone and 3 m HCl for 
10 min respectively and sonicated in water and ethanol for several 
times. Subsequently, the dried nickel foam was immersed into the 
FNHNs reaction system (both the amount of reactants and opera-
tion procedure were same as above), which was then heated at 
180 °C for 8 h. After rinsing with ethanol, the FNHNs/Ni foam com-
posite was obtained.

Add Cobalt Salt to FNHNs System: 0.0085 g S powder was 
weighed into 10 mL polytetrafluoroethene autoclave and 0.8 mL 
n-octylamine was added to dissolve by stirring for 1 h. Then 
1 mL oleic acid was injected into the autoclave. Finally the eth-
anol solution of NiCl2·6H2O (0.0951 g NiCl2·6H2O and a certain 
amount of Co(NO3)2·6H2O were dissolved in 4 mL ethanol) was 
transferred into the system and stirred for 30 min. After all these 
steps were done, the autoclave was sealed and put into oven to 
react. Different ratios of Co(NO3)2·6H2O were added to investi-
gate the influence of other metal salts to the FNHNs system.

Electrochemical Measurements: In a typical sample prepa-
ration, the products were dried by vacuum drier at 30 °C for 
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Figure 5.  a) The simulated diagram of two-electrode electrolyzer 
system. b) The real image of two-electrode electrolyzer system (two 
pieces of FNHNs/NF (≈1 × 2 cm2) as both the anode and cathode) with 
gas evolution in 1 m KOH solution. c) The linear sweep voltammetry 
(LSV) plot of overall water splitting by using FNHNs/NF as anode and 
cathode with the scan rate of 0.01 V s−1 in 1 m KOH.
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several hours. Afterward, 5 mg products were dispersed in 1 mL 
cyclohexane and sonicated for 30 min. Then 6 µL dispersion were 
dropped on the glassy carbon electrode with a surface area of 
0.196 cm2. After the electrode surface was dried, 5 µL nafion @ 
ethanol (nafion: 0.5 wt%) was dropped on the surface of elec-
trode. FNHNs/Ni foam composite (1 × 1 cm2) was used to do elec-
trochemical tests.

The OER and HER electrochemical performance were studied 
in a three-electrode configuration, in which graphite rod and 
Hg/Hg2Cl2 acted as the counter electrode and reference electrode, 
respectively. First, CV was used to stabilize and activate materials. 
When CV curves became stable, the rotation speed of electrode was 
set at 1600 rpm and the LSV was measured at scan rate of 5 mV s−1. 
Subsequently, Tafel plots were obtained by taking advantage of the 
tafel plot function. Time-dependent current density curve was used 
to evaluate the electrocatalytic stability of materials.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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