catalysts
Article

The Effects of CeO2 Nanorods and CeO2 Nanoflakes
on Ni–S Alloys in Hydrogen Evolution Reactions in
Alkaline Solutions
Meiqin Zhao 1,2,† , Yao Li 1,2,† , Haifeng Dong 1,2 , Lixin Wang 1,2 , Zhouhao Chen 1,2 ,
Yazhou Wang 1,2 , Zhiping Li 1,2, *, Meirong Xia 1,2, * and Guangjie Shao 1,2, *
1

2

*
†

State Key Laboratory of Metastable Materials Science and Technology, Yanshan University,
Qinhuangdao 066004, China; zmq_4055@163.com (M.Z.); liyao930421@163.com (Y.L.);
hfdong@ysu.edu.cn (H.D.); wanglixin@stumail.ysu.edu.cn (L.W.); chenzh2342@foxmail.com (Z.C.);
wangyazhou1121@163.com (Y.W.)
Hebei Key Laboratory of Applied Chemistry, College of Environmental and Chemical Engineering,
Yanshan University, Qinhuangdao 066004, China
Correspondence: zpli@ysu.edu.cn (Z.L.); xmr0125@ysu.edu.cn (M.X.); shaoguangjie@ysu.edu.cn (G.S.);
Tel.: +86-335-806-1569 (G.S.)
These authors contributed equally to this study.

Academic Editor: Luísa Margarida Martins
Received: 8 May 2017; Accepted: 16 June 2017; Published: 27 June 2017

Abstract: Composite coatings synthesized by different morphologies of CeO2 in supergravity devices
are highly active in hydrogen evolution reactions (HERs). By adding CeO2 nanoflakes (CeO2 Nf) or
CeO2 nanorods (CeO2 Nr), the change in the microstructures of composites becomes quite distinct.
Moreover, most Ni–S alloys are attached on the surface of CeO2 and roughen it compare with
pure CeO2 . In order to make the expression more concise, this paper uses M instead of Ni–S. At a
current density of 10 mA/cm2 , overpotentials of Ni–S/CeO2 Nr (M–CeO2 Nr) and Ni–S/CeO2 Nf
(M–CeO2 Nf) are 200 mV and 180 mV respectively, which is lower than that of Ni–S (M-0) coating
(240 mV). The exchange current density (j0 ) values of M–CeO2 Nf and M–CeO2 Nr are 7.48 mA/cm2
and 7.40 mA/cm2 , respectively, which are higher than that of M-0 (6.39 mA/cm2 ). Meanwhile,
double-layer capacitances (Cdl ) values of M–CeO2 Nf (6.4 mF/cm2 ) and M–CeO2 Nr (6 mF/cm2 ) are
21.3 times and 20 times of M-0 (0.3 mF/cm2 ), respectively.
Keywords: CeO2 ; Ni–S alloy; hydrogen evolution reaction; alkaline solution; morphologies

1. Introduction
It is known to all that populations, food, energies, natural sources, and environmental problems
are major threats to the survival and sustainable development of human beings. For the development
of industries especially, energy issues urgently need to be resolved. Energies conducive to the
development of human beings and the environment have been found and used, such as solar
energy, wind energy, and hydrogen energy [1–6]. Moreover, hydrogen energy as a kind of important
carbon-free and easily prepared and collected energy has aroused widespread interest [7–11]. For pure
metals, the overpotentials of platinum-group metals are the lowest for hydrogen evolution reactions
(HERs), but their prices are prohibitively expensive for widespread use [12,13]. In order to reduce
the cost, other metals need to be substituted. Thus, these cheaper metals, such as Ni, Fe, and Co,
with relatively low overpotentials and in an adequate supply on the planet, are being extensively
applied [12]. In addition, their ion states can interact with each other to enhance the catalytic activity
of HERs [12–14]. Now, various transition metals (Fe, Co, Ni, Cu, and Mo) have been deemed as
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high-efficiency catalysts in HERs [12,14–17]. Additionally, there have been many studies on Ni-based
materials, such as Ni–Mo [16], Ni–P [18], Ni–W [13], and Ni–S [19], whose morphologies are different.
The properties of materials are closely related to their morphologies. Many studies about the
lamellar structures of materials have been conducted. For instance, Choy et al. synthesized a new
lamellar TiO2 -pillared MoS2 via an extoliation-reassembling method [20]. Lan et al. reported a coupled
molybdenum carbide on reduced graphene oxide electrocatalysts for efficient hydrogen evolution [21].
In other studies, materials have presented a rod-like or tubulose structure. Adding a rod-like and
tubulose structure substance can also form a material with a new morphology. For example, by
electrospinning, Du et al. prepared a new WO3−x catalyst on carbon nanofiber mats, and was found to
have a small overpotential with a highly exchanged current density for HERs [22]. Shao et al. reported
a new wool-ball-like Ni–carbon nanotube composite, which is favorable for the electrocatalytic activity
of HERs [8].
As a rare earth oxide, CeO2 , which has a large number of empty and half-filled d orbitals, unique
f orbitals and cheaper market price, is an excellent composite phase that has a synergistic effect with an
Ni matrix and is widely studied [23,24]. Therefore, for the CeO2 system, researchers have concentrated
on the morphology and structure of CeO2 . For instance, Li et al. found that CeO2 nanorods are more
reactive in CO oxidation [25]. Wang et al. studied the morphology and crystal-plane effects of CeO2 on
Ru/CeO2 catalyst in chlorobenzene catalyzed combustion [26]. Li et al. studied the effects of different
magnitudes of CeO2 on Ni–S and Ni–Zn coatings in the catalytic activities of HERs [23,24]. Our team
studied the catalytic activities of Ni–CeO2 and Ni–S/CeO2 composites in hydrogen evolution [27,28].
In this paper, we prepared different morphologies of CeO2 and studied the impacts of different CeO2
morphologies on Ni–S alloys in HERs. First, using the precipitation method, we prepared different
morphologies of CeO2 , which were mainly plate-shaped and rod-shaped. However, the precipitants
and the reaction temperatures were not the same. Then, formerly prepared CeO2 was added to
solutions to synthesize different coatings. By comparing with the electrochemical performance of
Ni–S alloy coatings, it was found that the catalysts supplemented with CeO2 caused a higher catalytic
activity in HERs.
2. Results and Discussion
According to the experiment, we have raised a simple method for the fabrication of Ni–S/CeO2
(in this paper, Ni–S is presented as “M”) composite materials. As shown in Figure 1, the coating is
prepared by adding CeO2 Nr or CeO2 Nf to the solution containing Ni(NH2 SO3 )2 ·4H2 O, NiCl2 ·6H2 O,
NH4 Cl, and thiourea and then by electrodeposition. In the electric fields, part of the nickel ions and
sulfur ions formed Ni–S alloys by interaction. However, because of the insufficient use of current
efficiency, massive nickel ions and sulfur ions remain in the solution without combination. In our
study, an Ni–S alloy was deposited onto a copper substrate in a supergravity device, while some CeO2
was likely to be the substrate of the Ni–S alloy, embedded in the coating, or attached to the surface of
the coating.
Figure 2a displays the XRD of Ni–S/CeO2 composite materials. In the XRD image of the coating
without adding CeO2 , two strong peaks appear at 44.6◦ and 49.9◦ that can be ascribed as (202) and
(113), which are features of Ni3 S2 (JCPDS card No. 08-0126). There are wide diffraction peaks at
44◦ in all plots, so we can say that there are Ni–S alloys in coatings [29,30]. Due to tiny amounts of
self-made CeO2 of the coatings, the diffraction peaks of CeO2 are very weak. In the XRD patterns of
CeO2 (Figure 2b), three stronger peaks present at 28.6◦ , 47.5◦ , and 53.6◦ are consistent with (111), (220),
and (311) planes of standard CeO2 (JCPDS card No. 04-0593).
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As shown in Figure 3, the morphologies of the composites are different with the addition of
As shown in Figure 3, the morphologies of the composites are different with the addition of CeO2 .
CeO22. Compared with the Ni–S alloy (Figure S1), the particles of Ni–S/CeO22 (Figure 3A1–B1)
Compared with the Ni–S alloy (Figure S1), the particles of Ni–S/CeO2 (Figure 3A1–B1) become smaller,
become smaller, i.e., their relative specific surface areas are larger after CeO22 is added. Figure 3A1 is
i.e., their relative specific surface areas are larger after CeO2 is added. Figure 3A1 is an SEM image of
an SEM image of Ni–S/CeO22 with the addition of CeO22 nanorods and shows that global particles of
Ni–S/CeO2 with the addition of CeO2 nanorods and shows that global particles of different sizes are
different sizes are closely stacked. The TEM image of CeO22 nanorods in Figure 3A3 show their solid
closely stacked. The TEM image of CeO2 nanorods in Figure 3A3 show their solid internal structures
internal structures and their smooth surfaces. However, in the TEM image of the complex
and their smooth surfaces. However, in the TEM image of the complex (Figure 3A2), the rod shape is
(Figure 3A2), the rod shape is irregular, and the rod’s surface is rough, perhaps because the Ni–S
irregular, and the rod’s surface is rough, perhaps because the Ni–S alloy grew on the exterior of the
alloy grew on the exterior of the CeO22 nanorods. Figure 3B1 shows the rough surface and dense
CeO2 nanorods. Figure 3B1 shows the rough surface and dense ball-flower resulting from the addition
ball-flower resulting from the addition of CeO22 nanoflakes. Another TEM image of CeO22 nanoflakes
of CeO2 nanoflakes. Another TEM image of CeO2 nanoflakes (Figure 3B3) shows a large slice with a
(Figure 3B3) shows a large slice with a definite thickness. Figure 3B2 clearly shows that the presence
definite thickness. Figure 3B2 clearly shows that the presence of particles on the edge and particles
of particles on the edge and particles adhered to the slice.
adhered to the slice.
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IR compensation was performed to correct the polarization data by determining the solution
IR compensation was performed to correct the polarization data by determining the solution
resistance value from the electrochemical impedance spectroscopy measurements. Figure 4a reveals
resistance value from the electrochemical impedance spectroscopy measurements. Figure 4a reveals
the iR-corrected LSV curve of the three different catalysts. Compared with M-0 (i.e., the Ni–S alloy),
the iR-corrected LSV curve of the three different catalysts. Compared with M-0 (i.e., the Ni–S alloy),
the Ni–S/CeO2 Nf (M–CeO2 Nf) catalyst displays superior HER activity. As Figure S2 shows, the
the Ni–S/CeO2 Nf (M–CeO2 Nf) catalyst displays superior HER activity. As Figure S2 shows, the
generation of hydrogen on the electrode surface is dense and intense when the current density is
generation of hydrogen on the electrode surface is dense and intense when the current density
100 mA/cm2 [31]. Meanwhile, the overpotentials of M–CeO2 Nf are lower than those of M-0 and
is 100 mA/cm2 [31]. Meanwhile, the overpotentials of M–CeO2 Nf are lower than those of M-0
Ni–S/CeO2 Nr (M–CeO2 Nr) at the same current density. For instance, at a current density of
and Ni–S/CeO2 Nr (M–CeO2 Nr) at the same current density. For instance, at a current density of
10 mA/cm2, the overpotential of M–CeO2 Nf coating is 180 mV, which is lower than that of the
10 mA/cm2 , the overpotential of M–CeO2 Nf coating is 180 mV, which is lower than that of the M–CeO2
M–CeO2 Nr (200 mV) and M-0 (240 mV). Moreover, at a current density of 60 mA/cm2, the
Nr (200 mV) and M-0 (240 mV). Moreover, at a current density of 60 mA/cm2 , the overpotentials of
overpotentials of M-0, M–CeO2 Nr, and M–CeO2 Nf are 420 mV, 265 mV, and 220 mV, respectively.
M-0, M–CeO2 Nr, and M–CeO2 Nf are 420 mV, 265 mV, and 220 mV, respectively. In order to further
In order to further study the electrochemical properties, the Tafel plots of the three different
study the electrochemical properties, the Tafel plots of the three different samples are detected. As we
samples are detected. As we all know, the Tafel curve matches the Tafel equation (η = a + blog|j|), in
all know, the Tafel curve matches the Tafel equation (η = a + blog|j|), in which b (mV/dec) is the Tafel
which b (mV/dec) is2the Tafel slope, and j (mA/cm2) is the current density [22]. According to the
slope, and j (mA/cm ) is the current density [22]. According to the values of the Tafel slope (Table 1),
values of the Tafel slope (Table 1), it is easy to achieve the fundamental steps in the HER. In the
it is easy to achieve the fundamental steps in the HER. In the alkaline medium, the reaction steps of
alkaline medium, the reaction steps of catalytic hydrogen evolution are as follows [17,32,33]
catalytic hydrogen evolution are as follows [17,32,33]
H O + M + e → MH + OH
(Volmer reaction)
H2 O + M + e− → MHads + OH−
(Volmer reaction)
MH + H O + e → H + M + OH
(Heyrovsky reaction)
MHads + H2 O + e− → H2 + M + OH−
(Heyrovsky reaction)
(Tafel reaction)
MH + MH ads → H 2 + 2M
MHads + ads
MHads → H2 + 2M
(Tafel reaction)
That the Tafel slope of M–CeO2 Nf is 158 mV/dec, which was almost lower than that of M–CeO2
That the Tafel slope of M–CeO2 Nf is 158 mV/dec, which was almost lower than that of M–CeO2
Nr (163 mV/dec) and M-0 (173.37 mV/dec), indicates that the Volmer reaction is the rate-limiting
Nr (163 mV/dec) and M-0 (173.37 mV/dec), indicates that the Volmer reaction is the rate-limiting step
step in the Volmer-Heyrovsky mechanism. The comparatively low slopes of M–CeO2 Nf and
in the Volmer-Heyrovsky mechanism. The comparatively low slopes of M–CeO2 Nf and M–CeO2 Nr
M–CeO2 Nr are accompanied by smaller overpotentials at a large current density. Moreover, the
are accompanied by smaller overpotentials at a large current density. Moreover, the addition of CeO2
addition of CeO2 to the coating can provide a greater specific surface area to enhance contact with
to the coating can provide a greater specific surface area to enhance contact with the electrolyte [27,34],
the electrolyte [27,34], which is beneficial to the practical application of the catalyst in the HER.
which is beneficial to the practical application of the catalyst in the HER. Meanwhile, due to empty
Meanwhile, due to empty and half-filled d orbitals of Ce atoms and oxygen vacancies of CeO2
and half-filled d orbitals of Ce atoms and oxygen vacancies of CeO2 [23,24], Hads can easily form on
[23,24], Hads can easily form on its surfaces. Therefore, there are significant differences in the
its surfaces. Therefore, there are significant differences in the number of catalytic activity sites for the
number of catalytic activity sites for the three samples.
three samples.
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3. Materials and Methods
3.1. Preparation of CeO2 Nanoflakes and CeO2 Nanorods
CeO2 nanoflakes were prepared via the precipitation method. Cerous nitrates (6 g) (Tianjin
Kermel Chemical Reagent Co., Tianjin, China) were dissolved in 200 mL of distilled water under
magnetic stirring until cerous nitrates completely disappeared. Then, the solution underwent an aging
process with the help of a mixed solute of NaOH (Tianjin Kermel Chemical Reagent Co., Tianjin, China)
and Na2 CO3 (Tianjin Kermel Chemical Reagent Co., Tianjin, China) (NaOH/Na2 CO3 = 1:1, n/n),
which was acutely stirred for 4 h in an alkaline condition. After suction filtration, the collection
was dried at 80 ◦ C all day and heated to 600 ◦ C for 4 h to obtain a powder. CeO2 nanorods
were also made via a precipitation method. A mixed solute of Ce(NO3 )3 ·6H2 O and (NH2 )2 CO
(Ce(NO3 )3 ·6H2 O/(NH2 )2 CO = 1:40, m/m) was melted in distilled water and then agitated at 90 ◦ C for
4 h. The collection was dried at 80 ◦ C for 48 h and warmed up to 700 ◦ C for 3 h.
3.2. Fabrication of Ni–S/CeO2
In this paper, complex substances were prepared by one step in supergravity equipment [8,9,46].
A portion of CeO2 was added into 700 mL of plating solution of 350 g/L Ni(NH2 SO3 )2 ·4H2 O (Tianjin
Kermel Chemical Reagent Co., Tianjin, China), 10 g/L NiCl2 ·6H2 O (Tianjin Kermel Chemical Reagent
Co., Tianjin, China), 30 g/L NH4 Cl (Tianjin Kermel Chemical Reagent Co., Tianjin, China), and 50 g/L
thiourea (Tianjin Kermel Chemical Reagent Co., Tianjin, China). Then, the dispersed suspension was
treated in a sonic bath for about 1 h. A pure nickel tube was used as the anode, and copper foil was
used as the cathode. The pretreatment process consisted of mechanical polishing, followed by the use
of ethanol, sodium hydroxide, and dilute hydrochloric acid, successively, in an ultrasonic device for
15 min. Copper foil were then washed with distilled water and dried every time. With the help of a
DC-regulated power supply, experiments were carried out at a temperature of 45 ◦ C for 1 h. The Ni–S
alloy was synthesized by similar procedures.
3.3. Characterizations
The samples were characterized by SEM (FE-SEM, Carl Zeiss Super55 operated at 20 kV), X-ray
power diffraction (RigakuSmart Lab, X-ray Diffractometer, Tokyo, Japan), and TEM (Hitachi HT 7700,
transmission electronic microscope, Tokyo, Japan). The chemical compositional analysis was actualized
by an energy dispersive spectrometer (EDS), which was attached to the TEM.
3.4. Electrochemical Measurements
All electrochemical measurements were performed with an electrode system in a 1.0 M NaOH
on a CHI660E electrochemical workstation. An Hg/HgO electrode (0.097 V vs. standard hydrogen
electrode) and a platinum foil were used as a reference electrode and counter electrode, respectively.
The composite platings were cut into pieces of 1 × 1 cm2 , and their backs were bonded with epoxy resin
to be used directly as the working electrode. Linear sweep voltammetry (LSV) measurements were
carried out at a scan rate of 5 mV s−1 , and cyclic voltammetry (CV) measurements were implemented
between −0.825 V and −1.025 V at a scan rate of 100 mV s−1 . The long-term electrolysis was tested
by chronopotentiometry (CP) measurement (V–t). This process was performed at a constant current
density of 100 mA cm−2 in 1 M NaOH for 12 h. A.C. Impedance measurements were obtained at an
overpotential of 200 mV with a wide frequency range from 0.01 Hz to 10 KHz. For all potentials and
overpotentials, iR correction was performed.
4. Conclusions
Composite coatings were prepared by a supergravity device by adding different morphologies
of CeO2 . Although the uniformity of the two kinds of coating microstructures is poor, the Ni–S alloy
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adheres to the surface of CeO2 , and its catalytic activity in HERs is substantial. The overpotentials
of M–CeO2 Nr and M–CeO2 Nf are 200 mV and 180 mV, respectively. Moreover, the values of
the Tafel slope suggest that the Volmer reaction is the rate-limiting step in the Volmer–Heyrovsky
mechanism. The exchange current density (j0 ) values of M–CeO2 Nf and M–CeO2 Nr are 7.48 mA/cm2
and 7.40 mA/cm2 , respectively, which are higher than that of M-0 (6.39 mA/cm2 ). Meanwhile,
double-layer capacitances (Cdl ) values of M–CeO2 Nf (6.4 mF/cm2 ) and M–CeO2 Nr (6 mF/cm2 ) are
21.3 times and 20 times that of M-0 (0.3 mF/cm2 ), respectively.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/7/197/s1,
Video S1, Hydrogen evolution with the M-CeO2 (Nr); Figure S1, SEM image of M-0, Figure S2, Image showing
hydrogen evolution with the M-CeO2 (Nr), Figure S3, Liner fitting of the capacitive current of M-0 vs. scan rates.
The selected potential range where no faradic current was tested is 0.025 V to 0.125 V vs. RHE, Figure S4, (a) SEM
of M-0 after 3000 cycles; (b) LSV curves of M-0 before and after 3000 CV cycles at a scan rate of 100 mV S−1
between −0.825 to −1.025 V. Inset, time dependence of the potential of M-0 at a current density of 100 mA cm−2 ,
Table S1, Comparison of HER performance in alkaline media for Ni-S/CeO2 (Nr) and Ni-S/CeO2 (Nf) with other
non-noble-metal HER electrocatalysts, Table S2, Values of the charge transfer resistance and the mass transfer
resistance of four different electrodes.
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