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for hydrogen evolution reaction in alkaline environment

Zuokai Du &YilongWang & Junsheng Li & Jinping Liu

Received: 21 July 2018 /Accepted: 29 November 2018 /Published online: 6 January 2019
# Springer Nature B.V. 2019

Abstract Development of high-performance
electrocatalysts in basic electrolyte is of significance
for the decrease in unnecessary energy consumption
for production of hydrogen. Herein, we have demon-
strated one-step chemical reduction strategy to fabricate
platinum–nickel alloy nanoparticle–supported reduced
graphene oxide (rGO) as excellent electrocatalysts for
hydrogen evolution reaction (HER) in basic condition.
Graphene-supported alloy nanocatalysts are achieved
by simply controlling the molar ratios of bimetallic
precursors. We confirm that nickel species on the sur-
face of as-synthesized nanocatalysts tend to be oxidized
as nickel hydroxide during the fabrication. Our
nanocatalysts synthesized at the equivalent molar ratios
of platinum and nickel salts exhibit much higher elec-
trocatalytic activity for HER than the commercial Pt/C
and graphene-supported Pt counterparts in same condi-
tions. The performance improvement is not only attrib-
uted to nickel hydroxide layer on our nanocatalysts
facilitating the decomposition of water in basic media
but also ascribed to the partial replacement of Pt atoms
by Ni ones decreasing the Pt–H bond energy and im-
proving desorption of hydrogen atoms on Pt–Ni alloy

nanocatalysts. Furthermore, our nanocatalysts present
excellent HER catalytic stability. Our results will pro-
vide a facile and effective strategy on the development
of the excellent Pt-containing composite nanocatalysts
for applications in electrocatalysis.
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Introduction

Considerable attention has recently been paid to
electrocatalysis for HER because it is a promising and
effective technique to achieve ecofriendly hydrogen
(H2) production (Liu et al. 2015; Liu et al. 2017; Wu
et al. 2018; Xu et al. 2018; Chen et al. 2017; Hao et al.
2018; Zhang et al. 2017a, b; Liu et al. 2018). Enormous
efforts have been made in attempt to investigate a vari-
ety of advanced electrocatalysts, which will be expected
to effectively generate H2 from water splitting by the
electrochemical technology (Zou et al. 2017; Zou et al.
2018; Zhang et al. 2018a). Among these electrocata-
lysts, Pt-based materials have so far been proven as the
most active ones for HER, but high cost makes them
difficult for vast industrial usage (Bao et al. 2017).
Additionally, alkaline water electrolysis has been
regarded as the most likely technology to be industrial-
ized hydrogen production due to its unique advantages
including unlimited reactant availability, good
manufacturing safety, stable output, and high product

J Nanopart Res (2019) 21: 13
https://doi.org/10.1007/s11051-018-4436-7

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s11051-018-4436-7) contains
supplementary material, which is available to authorized users.

Z. Du :Y. Wang (*) : J. Li : J. Liu (*)
School of Chemistry, Chemical Engineering and Life Science,
Wuhan University of Technology, 122# Luoshi Road,
Wuhan 430070, People’s Republic of China
e-mail: wangyilong@whut.edu.cn
e-mail: liujp@whut.edu.cn

http://orcid.org/0000-0001-7370-2319
http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-018-4436-7&domain=pdf
https://doi.org/10.1007/s11051-018-4436-7


purity (Yin et al. 2015). However, the sluggish kinetics
of HER in a basic environment leads to unnecessary
energy losses, which severely impedes the wide appli-
cation of Pt-based catalysts (Yin et al. 2015). Obviously,
improving the catalytic activity and lowering the cost of
these Pt-based catalysts are the major bottlenecks in this
field. Therefore, it is urgent to achieve an efficient
design approach to the development of the high-
performance and cost-effective electrocatalysts for
HER in basic solution.

The investigation on Pt-containing bimetallic or
trimetallic nanostructures as electrocatalysts may pro-
vide an efficient method to address these issues. In this
method, platinum can be partially substituted by low-
cost 3d-transition metals to design and fabricate the
hybrid electrocatalysts. Following this viewpoint, the
Pt-based polymetallic catalysts (e.g., platinum–iron,
platinum–copper, and platinum–ruthenium–nickel)
have been introduced into the cathodic oxygen reduc-
tion reaction (ORR) in direct methanol fuel cells
(DMFCs) to improve catalytic performance and lower
the content of platinum of them as well (He et al. 2007;
Chen et al. 2009; Loukrakpam et al. 2011; Yu and
Manthiram 2018; Mezzavilla et al. 2016; Wang et al.
2010). In their opinion, the lattice shrink and strain
should be responsible for the enhancement in catalytic
activities, which is ascribed to the change of Pt–Pt bond
length, and the skin effect of platinum after the replace-
ment of platinum by other 3d-transition metals
(Loukrakpam et al. 2011). Subsequently, Pt–Ni alloy
nanoparticles (NPs) have been developed as excellent
catalysts for anodic methanol oxidation reaction (MOR)
in DMFCs. This is because Pt–Ni alloy NPs could
weaken the adsorption of carbon monoxide on platinum
and promote to remove the intermediate CO during
catalytic reaction (Hu et al. 2012; Li et al. 2013a).
Furthermore, the oxygen evolution reaction (OER), as
one of main reactions of electrochemical water splitting
(Fang et al. 2018), have been efficiently catalyzed by the
Pt–Ir alloy nanocrystals based on manipulating alloying
and surface oxidation state of Ir (Zhang et al. 2017a, b).
More recently, Lee’s and Xia’s groups have demonstrat-
ed the fabrication of Pt–Ni octahedral nanocrystals with
the diameter of about 9 nm, which will be employed as a
kind of promising electrocatalysts towards HER
(Kavian et al. 2016). Interestingly, this design strategy
for HER originated from Pt–Ni nanocrystals which had
been employed as the high-performance electrocatalysts
for ORR (He et al. 2007). However, in our viewpoint,

the precise role played by the introduction of Ni into Pt
should be further investigated to achieve the excellent
Pt-containing hybrid nanocatalysts. Moreover, the com-
plicated synthesis limits the practical application of the
Pt–Ni octahedra as well.

On the other hand, the supporting materials (SMs)
take an important role in determining the average diam-
eter of the metal NPs on them. This greatly influences
the catalytic performance and stability of these support-
ed catalysts (Konopka et al. 2011; Zhu et al. 2018).
Generally, graphene is considered as the ideal SMs for
the metal nanoparticles among many carbon materials,
owing to the inertness in harsh chemical or electrochem-
ical conditions, unique 2D materials with high surface
area, and unusual electronic properties and low cost
(Kou et al. 2011; Zhang et al. 2018b). In particular, its
physicochemical properties are accessible to be further
improved by the doping of nonmetal elements. For
example, nitrogen-doped rGO can demonstrate distinc-
tive physicochemical characteristics because of the in-
troduction of a great number of doping-induced defects
(Wang et al. 2014; Liu et al. 2016). According to the
previously reported literatures, N doping–induced met-
al–support interaction between rGO and metal can ef-
fectively protect from the agglomeration of metal nano-
particles and obviously enhance the mass transport of
reactants to metal NPs (Bao et al. 2017; Pylypenko et al.
2013; Fan et al. 2015).

To our best knowledge, the previously reported Pt–
Ni alloy/rGO nanocatalysts have been utilized as the
highly efficient catalysts for the reduction of p-
nitrophenol (4-NP) into p-aminophenol (4-AP) with
NaBH4 (Zhao et al. 2016; Sahoo et al. 2014). In our
opinion, their electrocatalysis for HER should be further
investigated here. Inspired by these, we have developed
a facile design strategy in whichwe grow bimetallic NPs
with a series of Pt–Ni molar ratio on two-dimensional
(2D) nitrogen-doped rGO to construct excellent
electrocatalysts for HER in basic solution. The influence
of the crystal structure on HER electrochemical activity
of Pt–Ni alloy NPs decorated on rGO is systematically
investigated, especially the positive influence of nickel
on platinum. It can be reasonably illustrated as follows:
on the one hand, nickel species on the surface of as-
synthesized nanocatalysts tend to be oxidized as nickel
hydroxide during the fabrication, which is advantageous
to promote the decomposition of water in basic condi-
tion. On the other hand, alloying of Pt and Ni could
decrease the Pt–H bond energy and improve desorption
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of hydrogen atoms from electrocatalysts. Therefore, the
as-synthesized Pt–Ni/rGO nanocatalysts exhibit the rel-
atively high catalytic activity towards HER to the com-
mercial Pt/C and Pt/rGO samples in same conditions. In
addition, such Pt–Ni/rGO nanocatalysts can present
magnetic recollection of Ni besides fully utilizing the
catalytic abilities of both metals. Last but not least,
Ni(OH)2 layer on our nanocatalysts can effectively pro-
tect them against corrosion; then, they present excellent
HER catalytic stability. Our work will afford a funda-
mental investigation for the development of the excel-
lent Pt-based hybrid nanocatalysts and promise their
important application in catalysis and energy
conversion.

Experimental sections

Synthesis of Pt–Ni/rGO nanocatalysts

Graphene oxide (GO) was prepared according to the
previously reported literature (Liu et al. 2016), which
was described in online Electronic Supplementary Ma-
terial. The process for synthesis of metal/rGO
nanocatalysts was illustrated in the following steps: (1)
a certain amount of chloroplatinic acid and nickel chlo-
ride was dissolved in 15.00 mL the deionized water;
then, this solution was added into 15.00 mL of GO
suspension (0.6 mg mL−1, the deionized water as the
solvent) under magnetic stirring. (2) Subsequently, 0.1 g
polyvinylpyrrolidone (PVP, K30) was added into the
mixture mentioned above. After ultrasonication for
30 min, 2.00 mL of hydrazine (85 wt%) and 1.00 mL
of ammonium hydroxide (28 wt%)were slowly dropped
the mixed system, respectively. The whole reaction
system was placed into a Teflon-lined autoclave, which
was sealed and treated at 180 °C for 6 h. By adjusting
the amount of precursors, the metal/rGO nanocatalysts
with Pt4+/Ni2+ molar ratios of 1:0, 3:1, 3:2, 1:1, and 0:1
were prepared, respectively. These samples were denot-
ed as Pt/rGO, Pt–Ni(3:1)/rGO, Pt–Ni(3:2)/rGO, Pt–
Ni(1:1)/rGO, and Ni/rGO, according to Pt4+/Ni2+ molar
ratios, hereafter. The weight percentage of total metal of
all electrocatalysts was adjusted to about 40% in our
experiments. After the reaction was accomplished, the
corresponding samples were washed with ethanol for
three times, finally dried under vacuum at 25 °C for 2 h.
Among these as-obtained samples, Pt–Ni(1:1)/rGO
nanocatalysts were called as the typical (Pt–Ni/rGO)

nanocatalysts or the typical samples. Other experimental
details on materials, characterization, and electrochem-
ical measurements were described in online Electronic
Supplementary Material.

Results and discussion

Characterization of Pt–Ni/rGO nanocatalysts

Figure 1a displays that rGO is ultrathin, wrinkled, and
transparent. Figure 1b–d presents the integrated charac-
terization of Pt–Ni(1:1)/rGO nanocatalysts (the typical
samples). Transmission electron microscopy (TEM) im-
age of these nanocatalysts (Fig. 1b) indicates that NPs
show no apparent aggregation and are distributed uni-
formly on rGO. These nanoparticles of the typical sam-
ples are regarded as spherical ones with the mean diam-
eter of ∼ 20 nm from inset of Fig. 1b.Meanwhile, rGO is
indicated by the red arrow in Fig. 1b. Figure 1c displays
the energy-dispersive X-ray spectroscopy (EDX) spec-
trum of the typical samples, indicative of the coexistence
of C, O, Ni, Pt, and Cu elements. It can be sure that Ni
and Pt elements should come from metal NPs on rGO.
Except for Ni and Pt peaks, the presence of C and Cu
elements should be attributed to rGO and the substrate
of copper grid, respectively. The crystalline structures of
the metal/rGO nanocatalysts synthesized at various Pt4+/
Ni2+ molar ratios are investigated by X-ray diffraction
(XRD) measurements (Figs. 1c and 2). From Fig. 2b,
characteristic diffraction peaks of Pt/rGO samples at
39.8° and 46.4° are indexed to a face-centered cubic
(fcc) phase of platinum, corresponding to the planes of
(111) and (200) (JCPDS 04-0802) (Hu et al. 2012). For
Ni/rGO samples, two diffraction peaks in Fig. 2e at 2θ of
44.1° (111) and 51.5° (200) match exactly with the
standard pattern of fcc nickel (JCPDS 04-0787) as well.
However, XRD pattern of the typical samples demon-
strates two diffraction peaks at 2θ of 41.3° and 47.8° in
Fig. 1d. At the same time, no characteristic peaks of
Ni(OH)2 and other crystalline impurity are detected.
According to this figure, two diffraction peaks shift to
high angles in comparison with those of Pt/rGO sam-
ples, suggesting the formation of alloy NPs on rGO. To
further reveal the structure of metal NPs on the typical
samples, their high-resolution TEM (HRTEM) image is
displayed in Fig. 1e. This figure clearly demonstrates the
characteristic lattice spacing of an individual nanoparti-
cle of the typical Pt–Ni(1:1)/rGO nanocatalysts.
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Specifically, the lattice spacing is observed to 0.219 nm,
which corresponds to the {111} facets of Pt–Ni alloy (Li
et al. 2013a) and is almost identical to the theoretical
value from XRD pattern listed in Table S1. The scan-
ning TEM (STEM)-EDX line-scanning profiles
(Fig. 1f) exhibit that two metal elements distribute uni-
formly and overlap completely throughout the whole
nanoparticle. This suggests that these metal NPs on
rGO have the homogeneous Pt–Ni alloy rather than
heterogeneous or core/shell (Pt/Ni) nanostructure. And
the molar percentage of platinum in total metals is
calculated to be about 51%, which almost approaches
to their theoretical value. Furthermore, the correspond-
ing elemental maps (Fig. 1g, h) display that these metal
elements are well dispersed throughout an individual
metal nanoparticle. Based on the above evidences, the
Pt–Ni alloy NPs supported on rGO which can be
employed as the high-performance electrocatalysts for
HER are successfully synthesized in this work.

Considering that the structure of the as-synthesized
nanocatalysts could be effectively regulated by simply
changing the molar ratios of platinum to nickel salts (F),
the effect of metal/rGO nanocatalysts synthesized at
various F on their XRD patterns is systematically inves-
tigated in Fig. 2. The weak and broad diffraction peak at
2θ = 24° is originated from rGO (Tang et al. 2009) for
each sample. Except for curve b and curve e in Fig. 2,
the other diffraction peaks of samples synthesized at
F = 3:1 or 3:2 correspond to neither Pt nor Ni as the
typical samples. This further confirms the formation of
alloys in our experiments for these samples. Moreover,
the diffraction peaks of all samples gradually convert to
Ni ones while F decreases. Therefore, the as-
synthesized samples present smaller d-spacing value
(d) and lattice parameter of platinum than Pt/rGO ones.
Both d and lattice parameter of the as-synthesized sam-
ples decrease with the decrease in the molar percentage
of Pt (Table S1). And the composition or atom ratio of
the as-synthesized Pt–Ni/rGO samples measured by
inductively coupled plasma-atomic emission spectros-
copy (ICP-AES) can also be effectively controlled by
simply changing F listed in Table S1.

Subsequently, we investigate the influence of F on
the diameter of the alloy nanoparticles for these
nanocatalysts. TEM images of the metal/rGO
nanocatalysts synthesized at various F are shown in
Fig. 3. According to this figure, there is no obvious
difference in the diameter of these alloy nanoparticles
for all samples, and the diameter of these alloy

nanoparticles is almost same as that of the typical sam-
ples. It can be explained from the viewpoint of nucle-
ation. The rate of the formation nuclei,dNdt , is written as
the following equation,

dN
dt

¼ Aexp −
16πγ3V2

m

3k3BT
3N 2

A lnSnð Þ2
" #

ð1Þ

where N, A, γ, Vm, kB, T, NA, and Sn are the number of
nuclei, the preexponential factor, the surface energy per
unit area of nuclei, the molar volume of the monomer in
crystal, the Boltzmann constant, reaction temperature,
Avogadro’s number, and the level of supersaturation for
nucleation, respectively (Kwon and Hyeon 2011; Wang
et al. 2017). Specifically, three experimental parameters,
such as Sn, T, and γ, can be controlled in the synthesis. In
this work, Sn and T should have no significant effect on
nucleation. This is because the molar number and T are
kept constant. Herein, employing the surfactant, PVP as
additives, could decrease γ so as to improve the nucle-
ation rate (Bian et al. 2018; Wang et al. 2015, 2016,
2017). In consequence, nucleation burst leads to the
increase in the number of nuclei and the decrease in
the diameter of alloy nanoparticles. This opinion can be
confirmed by the additional experiment without PVP as
surfactant, other conditions as the typical experiments
(Fig. S1). In terms of this figure, the diameter of metal
nanoparticles on rGO is as high as over 50 nm. Obvi-
ously, the diameter of nanoparticles shown in Fig. S1 is
much bigger than that of metal nanoparticles in Fig. 3,
which is reasonably explained by the assumption that
poor nucleation results in the increase in the diameter of
metal nanoparticles.

Figures 4 and 5 present X-ray photoelectron spec-
troscopy (XPS) spectra of the typical samples. The full
spectrum (Fig. 4a) shows that the typical samples are
composed of O, N, C, Pt, and Ni elements. The high-
resolution N 1s spectrum (Fig. 4b) is deconvoluted to
three peaks that are attributed to pyridinic N (398.2 eV),
pyrrolic N (399.5 eV), and substitutional N (401.0 eV).
The peak at 401.0 eV in this figure indicates the suc-
cessful N doping in the reduction of GO by the one-step
hydrothermal approach (Lv et al. 2012). The high-
resolution C 1s spectrum (Fig. 4c) is able to be
deconvoluted to five main peaks. Among these peaks,
the major one at 284.6 eV is ascribed to the sp2 hybrid-
ized carbon (C–C/C=C), suggesting that most of carbon
atoms of the typical samples present embedded within
honeycomb lattice of rGO (Liu et al. 2016). Other peaks
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which appear at 285.8, 286.5, 287.8, and 289.1 eV are
assigned to the contributions from C–N, C=O (carbonyl
group), C–O (epoxy, alcohol, and ester), and O–C=O
(carboxyl group), respectively. These results mean that
GO is effectively reduced to rGO (Shi et al. 2018). The
high-resolution Pt 4f spectrum in Fig. 4d is divided into
the four diffraction peaks consisting of two strong ones
for Pt at 70.6 eV (Pt 4f7/2) and 73.9 eV (Pt 4f5/2), with
other weak ones that are ascribed to platinic oxide and

platinic hydroxide (Fernández et al. 2016), respectively.
Specifically, metallic platinum is dominant, implying
that Pt4+ ions are effectively reduced to Pt atoms in our
hydrothermal approach. Therefore, our work can supply
more active sites for desorption of hydrogen atom than
Pt2+ and enhance catalytic performance for the typical
samples towards HER as well. The Ni 2p spectrum of
the typical samples (curve B, Fig. 5) demonstrates the
strong peak of Ni(OH)2 at 856.3 eV, as well as that of

Fig. 1 a TEM image of rGO. b TEM image, c EDX spectrum,
and d XRD pattern of Pt–Ni/rGO nanocatalysts synthesized in the
typical experiments. e HRTEM, high-angle annular dark-field
(HAADF)-STEM-EDX of f line-scanning profiles and g, h map-
pings of an individual Pt–Ni alloy nanoparticle (PNANP) on rGO.

Inset of b and f are the diameter distribution of Pt–Ni alloy
nanoparticles (PNANPs) on rGO, and HAADF-STEM image of
an individual PNANP, respectively. Meanwhile, PNANP and rGO
are indicated by the white circle and red arrow in b, respectively
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Ni(0) at 853.2 eV (Choi et al. 2014), suggesting the
formation of nickel hydroxide on the typical samples.
No nickel oxide (NiO) is found in curve B of Fig. 5.
Generally, nickel hydroxide on the as-synthesized
nanocatalyst cannot decompose to NiO and H2O in
our experimental condition unless the reaction tempera-
ture is no less than 230 °C (Biesinger et al. 2011).
Associated with XRD pattern of the typical samples
(Fig. 1d), the peak of Ni(OH)2 is not detected in this
figure, indicative of noncrystalline hydroxide (Choi
et al. 2013). In order to confirm our opinion, we further
investigate XPS of Ni species on the surface of the
typical samples after the HAc treatment (Pt–Ni(1:1)/
rGO-HAc). The intensity ratio of Ni(OH)2 to Ni(0) for
Pt–Ni(1:1)/rGO-HAc (curve C, Fig. 5) is observed to
decrease significantly compared to that of the typical
samples, indicating the partially selective etching of
Ni(OH)2. However, the spectrum of the typical samples
after 0.1 M KOH solution treatment (Pt–Ni(1:1)/rGO-
KOH) (curve A, Fig. 5) does not display the significant
change in comparison with the typical samples, imply-
ing that Ni(OH)2 is naturally formed on the surface of
our samples. Consequently, we conclude that Ni species
on the surface of the typical nanocatalysts should be
Ni(OH)2.

Figure 6a presents the Raman spectra of GO, rGO,
and the typical samples. All samples demonstrate two
prominent peaks at about 1341 and 1595 cm−1, which
match exactly with the well-documented G band and D
band, respectively (Hu et al. 2011). According to the
reported literature (Graf et al. 2007), the level of graph-
itization of carbonaceous materials or defect density is
usually detected by the signal ratio of D band to G band
(ID/IG). Meanwhile, ID/IG ratios for GO, rGO, and the
typical samples are about 1.00, 1.21, and 1.28, respec-
tively. ID/IG of rGO and the typical samples are higher
than that for GO, which implies that the new domains of
conjugated carbon atoms are generated owing to the
removal of the oxygenous groups (Li et al. 2015). On
the other hand, the ID/IG ratio for the typical samples
slightly increases, confirming that the structure of
graphene is well preserved even after deposition of Pt–
Ni alloy NPs (Li et al. 2014). This is important to
achieve good electrical conductivity for design of such
our hybrid system as electrocatalysts. The reduction of
the oxygen-containing groups in GO is also confirmed
by Fourier-transforming infrared (FT-IR) spectroscopy.
Broad and intense peak at 3409 cm−1 or so is responsible
for the O–H stretching vibration of C–OH and water in
Fig. 6b (curve A for GO) (Li et al. 2014). The stretching
vibration of C=O in carbonyl or carboxylic groups is
responsible for the weak peak at about 1735 cm−1. The
peak at ~ 1620 cm−1 is related to the vibrations of the
absorbed water molecules and the skeletal vibration of
unoxidized graphitic domains (Yang et al. 2014). The
peaks at approximately 1384, 1224, and 1053 cm−1 are
associated with the deformation of the O–H groups and
the stretching vibration of C–O in the epoxy and alkoxy
groups (Kim et al. 2011), respectively. After the reduc-
tion reaction, FT-IR patterns (curve B and curve C,
Fig. 6b) for rGO and the typical samples are quite
different from that of GO, confirming that the oxygen-
containing functional groups are significantly removed
from rGO and the typical samples. Furthermore, the
formation of Pt–Ni alloy NPs supported on rGO is also
characterized byUV-visible spectroscopy. In the adsorp-
tion spectrum of GO (Fig. 6c, curve A), the adsorption
peak at about 230 nm can be attributed to the π–π*
transition of aromatic C=C bond (Lu et al. 2013). Nev-
ertheless, after the hydrothermal approach with the met-
al precursors, a peak centered at about 270 nm appears
for the typical samples, accompanied with the red shift
of the adsorption peak at 230 nm, which is almost same
as the wavelength of absorption peak of rGO (Fig. 6c,

Fig. 2 XRD patterns of (a) rGO and metal/rGO nanocatalysts
synthesized at various F values of (b) 1:0, (c) 3:1, (d) 3:2, and
(e) 0:1
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curve B). These results further indicate the formation of
rGO in the typical samples (Fig. 6c, curve C) (Lu et al.
2013). Thermogravimetric analysis (TGA) is conducted
to quantitatively analyze the weight percentage of metal
loading of Pt–Ni(1:1)/rGO. According to curve A of
Fig. 6d for GO, the major weight losses are observed
at approximately 100, 200, and 450 °C, which originate
from the escape of water molecules absorbed between
GO, thermal decomposition of oxygen-containing
groups, and combustion of carbon skeleton, respectively
(Shi et al. 2018). In contrast with curve A of Fig. 6d, the
weight loss of rGO (Fig. 6d, curve B) or the typical
samples (Fig. 6d, curve C) at about 200 °C is much
lower than that of GO under the same conditions, sug-
gesting the significant decrease in the quantity of
oxygen-containing functional groups on rGO
(Darabdhara et al. 2015; Li et al. 2013b). In addition,
the percentage of PNANPs by weight is about 40% for
the typical samples.

Magnetic properties and magnetic recollection
of the typical Pt–Ni/rGO nanocatalysts

As a magnetically recoverable catalyst, Ni may exhibit
less activity towards HER by the electrochemical meth-
od. It is usually coupled with Pt to improve its catalytic
activity (Sahoo et al. 2014). However, Ni alloyed with
some noble metals would lose its intrinsic ferromagne-
tism due to the incorporation of other heteroatoms into
Ni lattices. This would largely damage the magnetic
recollection or recoverability of Ni-based alloy. As we
know, the nickel-rich Pt–Ni alloy is ferromagnetic
(Parra and Cable 1980). Therefore, the formation of
Pt–Ni alloy NPs on rGO here can also be reflected from
their magnetic properties. As is shown in Fig. 7a, Pt–
Ni(1:1)/rGO nanocatalysts present typical ferromagnet-
ic hysteresis curve which reaches saturation about
5.0 kOe magnetic fields at room temperature. From this
figure, Ms of the typical samples is 6.1 emu g−1. In

Fig. 3 TEM images of metal/rGO nanocatalysts synthesized at various F values of a 1:0, b 3:1, c 3:2, and d 0:1
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addition, the enlarged M-H loops (inset of Fig. 7a)
indicate that our samples exhibit high Hc (128.5 Oe)
and low Mr (1.15 emu g−1) in comparison with bulk Ni
(∼ 0.7 Oe and 2.7 emu g−1). AlthoughMs of the typical
samples is much lower than that of bulk Ni (55 emu g−1)
(Liu et al. 2010), the Ms could be still large enough for
magnetic separation from the reaction system by a mag-
net. Figure 7b demonstrates the easy manipulation
(within ∼ 6 s) of the typical nanocatalysts by placing
an external magnet outside the bottle, indicating the
excellent magnetic recollection of our nanocatalysts
after their fabrication.

Electrocatalytic HER performances of Pt–Ni/rGO
nanocatalysts

The electrocatalytic performances of various
nanocatalysts towards HER are evaluated in Fig. 8 in
alkaline media using a typical three-electrode system.
Herein, the rGO-supported various Pt–Ni alloys or met-
al NPs result in the greatly differences in their HER

performances. Figure 8a, b shows polarization curves
and Tafel plots of the rGO-supported various metal NPs
in comparison with those of commercial Pt/C catalysts.
As is shown in Fig. 8a, the overpotential of the typical
samples is as low as − 78mVor so at a current density of
10 mA cm−2. In contrast, those of the commercial Pt/C
and Pt/rGO catalysts reach up to − 124 and − 149 mVat
the same condition, respectively. It is worth noting that
Ni/rGO catalysts show the relatively low HER activity
in our experiments, such as its overpotential reaching −
231 mV or so under the same condition, thereby sug-
gesting that the active species of our nanocatalysts come
from Pt atoms rather than nickel ones or nickel hydrox-
ide. More importantly, HER activities of Pt–Ni/rGO
nanocatalysts increase gradually with the decrease of
F. For example, at a current density of 10 mA cm−2,
Pt–Ni(3:1)/rGO and Pt–Ni(3:2)/rGO nanocatalysts ex-
hibit the overpotential of − 120 and − 112 mV, respec-
tively. This implies the occurrence of a synergistic in-
teraction between Pt and Ni for this kind of bimetallic
nanocatalysts in our work. Tafel slope is the intrinsic

Fig. 4 XPS spectra of the typical Pt–Ni/rGO nanocatalysts: a full spectrum, b N 1s, c C 1s, and d Pt 4f high-resolution spectra

13 Page 8 of 15 J Nanopart Res (2019) 21: 13



parameter of an electrocatalyst, which depends on the
rate-controlling step during production of hydrogen by
electrochemical technology (Yang et al. 2017). In alka-
line condition, the Volmer reaction, H2O + e +M=M–
Hads + OH−, is considered as a rate-controlling step,
owing to the slow dynamics of decomposition of water.
From Fig. 8b, the commercial Pt/C, Pt/rGO, and Ni/rGO
catalysts give rise to Tafel slopes of ~ 78, ~ 88, and ~
125mV/dec, respectively, while the typical samples also
exhibit the smallest Tafel slope among all samples,
about 53 mV/dec. Herein, nickel hydroxide layer on
our nanocatalysts can promote the decomposition of
water in basic condition (Yin et al. 2015; Yang et al.
2017; Subbaraman et al. 2011, 2012), which is one of
the important factors to improve electrocatalytic perfor-
mance of Pt–Ni hybrid materials. The determination of
the electrochemical surface area (ECSA) of
electrocatalyst is described in Electronic Supplementary
Material according to the related literature (Kavian et al.
2016). For the typical samples, Figs. S2a and S3a ex-
hibit distinct hydrogen adsorption/desorption on Pt sur-
face, and the oxidation and reduction of Ni (red area),

respectively. The specific ECSA value of the typical
samples determined by hydrogen desorption area
(yellow area of Fig. S2a or 8c) in 1.0 M KOH solution
is about 35.2 ± 2.4 m2 g−1. The specific ECSA value of
the commercial Pt/C catalysts increases to about 52.1 ±
3.6 m2 g−1 (Fig. 8c), which approaches to that of Pt/rGO
catalysts (54.5 ± 3.8 m2 g−1, Fig. 8c). These results
indicate the relatively high Pt loading amount of the
commercial Pt/C or Pt/rGO catalysts compared to the
typical samples, thereby indicating that more Pt atoms
are exposed on their corresponding working electrodes.
The specific HER activities of these catalysts are calcu-
lated by normalizing the reduction currents at − 0.1 V
vs. RHE to their corresponding ECSAs. The specific
HER activity of the typical samples demonstrates the
superior catalytic performance among all samples,
reaches up to 1.09 ± 0.08mA cm−2

Pt, a value about three
and five times higher than those of the commercial Pt/C
(0.28 ± 0.02 mA cm−2

Pt) and Pt/rGO catalysts (0.21 ±
0.02 mA cm−2

Pt, Fig. 8d or Table S2), respectively.
Subsequently, HER activity in low concentration KOH
solution is displayed in Fig. 9. According to Fig. 9a, the
overpotentials of the typical samples and the commer-
cial Pt/C are − 119 and − 147 mV, respectively. There-
fore, HER activities of the typical samples are also
higher than those of commercial Pt/C ones.

In order to determine the long-term durability of
electrocatalyst, polarization curves of Pt–Ni(1:1)/rGO
nanocatalysts are recorded before and after scanning
for 1000 scans (Su et al. 2016). As expected, Eonset
value is almost unchanged and the increase in
overpotential is as low as about 2 mVat a current density
of 20 mA cm−2 before and after this test (Fig. 10a).
Furthermore, the current loss for 8 h is also negligible
because the current density ranges from − 10.0 to −
9.7 mA cm−2 (Fig. 10b), indicating the excellent stabil-
ity of the typical samples.

Possible catalytic mechanism

In our work, the diameter of metal nanoparticles should
have no significant effect on HER activity of
electrocatalysts. This is because the metal nanoparticles
on rGO synthesized at various F almost have the same
diameter, as shown in Figs. 1b and 3. Additionally, the
diameter of Pt nanoparticles for the commercial Pt/C
catalysts is less than 3.5 nm which is provided by the
manufacturers. Herein, we speculated that the highest
HER activity of Pt–Ni(1:1)/rGO nanocatalysts among

Fig. 5 Comparison of Ni 2p high-resolution XPS spectra for the
typical samples (curve B) and the typical samples after KOH
(curve A) and HAc treatments (curve C). Pt–Ni(1:1)/rGO-KOH
and Pt–Ni(1:1)/rGO-HAc are obtained by treating the typical
samples with 0.1 M KOH solution at room temperature for 1 h
and with HAc at 60 °C for 30 min, respectively
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all samples (Fig. 8) is not only attributed to Ni(OH)2 of
PNANPs facilitating the decomposition of water in

basic condition, but also ascribed to the synergistic
interaction between Pt and Ni for our hybrid systems.

Fig. 6 a Raman spectra, b FT-IR spectra, c UV-visible absorption, and d TGA curves of (A) GO, (B) rGO, and (C) the typical samples

Fig. 7 aHysteresis loops and b illustration for the magnetic separation of the typical samples. Inset of a shows the magnifiedH region from
− 250 to 250 Oe
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Possible catalytic mechanism of the typical samples for
HER in alkaline media is illustrated in Fig. 11. In order

to confirm our speculation, we further investigate HER
activity of Pt–Ni(1:1)/rGO-HAc in Fig. 8a, b. For

Fig. 8 a Polarization curves and b Tafel plots of metal/rGO
nanocatalysts synthesized at various Pt4+/Ni2+ molar ratios, Pt–
Ni(1:1)/rGO-HAc, and commercial Pt/C catalysts for HER with a
scan rate of 5 mV s−1; comparison of c ECSAs and d specific
activities and mass activities of the typical samples, the

commercial Pt/C, and Pt/rGO catalysts. The electrolyte is N2-
saturated 1.0 M KOH. Meanwhile, the actual Pt loading amount
of the commercial Pt/C, Pt/rGO, Pt–Ni(3:1)/rGO, Pt–Ni(3:2)/rGO,
and Pt–Ni(1:1)/rGO in their corresponding working electrodes are
3.83, 3.64, 3.32, 3.01, and 2.92 μg, respectively

Fig. 9 a Polarization curves and b Tafel plots of the typical samples and commercial Pt/C (20 wt%) for HERwith a scan rate of 5 mV s−1 in
N2-saturated 0.1 M KOH, other conditions as Fig. 8

J Nanopart Res (2019) 21: 13 Page 11 of 15 13



example, the overpotential of Pt–Ni(1:1)/rGO-HAc in-
creases to − 82 mVat a current density of 10 mA cm−2,
and their Tafel slope, 56 mV/dec, is also higher than that
of the typical samples, due to the partially selective
etching nickel hydroxide on Pt–Ni(1:1)/rGO-HAc. For
the typical Pt–Ni/rGO samples, sufficient nickel hy-
droxide could efficiently activate the HO–H bond,
which facilitates the decomposition of water in basic
condition for HER (Yin et al. 2015; Subbaraman et al.
2011; Chen et al. 2014). On the other hand, nickel
content-dependent electrocatalytic activities of as-
synthesized nanocatalysts for HER in Fig. 6 can be
explained as modifying the electronic structure of

platinum by nickel because of the electron transfer from
the active metal to the inert one. Therefore, it results in
the relatively low density of states at the Fermi level to
Pt (Hu et al. 2012; Li et al. 2013a), and could decrease
the bond energy between Pt atoms and H ones, and
improve desorption of hydrogen atoms on our
nanocatalysts as well. Consequently, the typical samples
present higher electrocatalytic activity than the commer-
cial Pt/C and Pt/rGO ones.

In addition, nickel hydroxide layer on our
nanocatalysts could effectively protect them against cor-
rosion in strong basic environment. Therefore, the typ-
ical samples present excellent HER catalytic stability.

Fig. 10 a Polarization curves of the typical samples before and after 1000 cycles for a durability test and b time-dependent current density
curve for the typical samples under a static overpotential of − 78 mV for 8 h, other conditions as Fig. 8

Fig. 11 Schematic illustration of possible catalytic mechanism of Pt–Ni/rGO nanocatalysts for HER in alkaline media
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Conclusions

In this work, we have demonstrated a facile design
strategy to prepare the rGO-supported Pt–Ni alloy NPs
with Ni(OH)2 naturally formed on their surfaces as
excellent electrocatalysts for HER in alkaline environ-
ment. In this work, the structure and composition of
electrocatalysts can be effectively controlled by simply
changing F. Specially, the diffraction peaks of the as-
synthesized nanocatalysts gradually convert to Ni ones
while F decreases, suggesting that a series of Pt–Ni alloy
NPs on rGO are achieved. In addition, XPS analysis
reveals that nickel species on the typical Pt–Ni/rGO
nanocatalysts tend to be oxidized to Ni(OH)2 form
during the hydrothermal fabrication. Based on the de-
sign for such hybrid materials, the typical nanocatalysts
demonstrate the superior electrocatalytic activities to-
wards HER among all samples. The performance im-
provement reasonably illustrated the following two
points: (1) the introduction of nickel hydroxide layer
on our nanocatalysts can promote the decomposition of
water in basic condition and (2) the improvement in the
electronical feature of platinum atoms by nickel ones
leads to the relatively low density of states at the Fermi
level to Pt, which could decrease the bond energy be-
tween Pt atoms and H ones and improve the desorption
of hydrogen atoms on our nanocatalysts as well. Fur-
thermore, Ni(OH)2 layer for our nanocatalysts can ef-
fectively protect them against corrosion, and thus, the
typical samples present excellent HER catalytic stabili-
ty. The advance of our work greatly decreases the Pt
utilization and enhances the electrocatalytic activity, and
owns excellent stability and magnetic recollection as
well. This work will promise the important application
in the aspect of high-performance and cost-effective Pt-
based electrocatalysts in alkaline electrolyte.
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