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Abstract: We have successfully produced bimetallic PtNi alloy nanoparticles on poly
(diallyldimethylammonium chloride) (PDDA)-modified graphene nanosheets (PtNi/PDDA-G) by
the “one-pot” hydrothermal method. The size of PtNi alloy nanoparticles is approximately 2–5 nm.
The PDDA-modified graphene nanosheets (PDDA-G) provides an anchored site for metal precursors;
hence, the PtNi nanoparticles could be easily bond on the PDDA-G substrate. PtNi alloy nanoparticles
(2–5 nm) display a homogenous alloy phase embedded on the PDDA-G substrate, evaluated by
Raman, X-ray diffractometer (XRD), thermal gravity analysis (TGA), electron surface chemical
analysis (ESCA), and electron energy loss spectroscopy (EELS). The Pt/Ni ratio of PtNi alloy
nanoparticles is ~1.7, examined by the energy dispersive spectroscopy (EDS) spectra of transmitting
electron microscopy (EDS/TEM spectra) and mapping technique. The methanol electro-oxidation of
PtNi/PDDA-G was evaluated by cyclic voltammetry (CV) in 0.5 M of H2SO4 and 0.5 M of CH3OH.
Compared to Pt on carbon nanoparticles (Pt/C) and Pt on Graphene (Pt/G), the PtNi/PDDA-G
exhibits the optimal electrochemical surface area (ECSA), methanol oxidation reaction (MOR)
activity, and durability by chrono amperometry (CA) test, which can be a candidate for MOR
in the electro-catalysis of direct methanol fuel cells (DMFC).

Keywords: PtNi alloy nanoparticles; graphene; electrocatalyst; methanol oxidation reaction (MOR);
direct methanol fuel cells (DFMC)

1. Introduction

Bimetallic Pt-based nanoparticles with varied metals addition to improve the electrocatalytic
durability and anti-carbon monoxide (CO) poisoning ability have been paid attention in recent years,
especially in the catalysts of the methanol oxidation reaction (MOR) for the direct methanol fuel
cells (DMFC) applications [1–5]. Bimetallic catalysts will be developed to enhance the electrocatalytic
properties. PtRu is the most well-known commercial product for DMFC anode electrode usage.
Ru removes CO from the Pt active surface [6–8]. In brief, the active site of Pt is the cleavage of the C–H
bond, where methanol is attached. The intermediate CO of this process easily forms Ptx-COadd on the
active site during the methanol oxidation process. The oxophilic metals near Pt adsorb CO and oxidize
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CO to CO2 during the reaction. However, Ru atom is easy to be dissolved during the electrocatalytic
process. The durability is an important issue for direct methanol fuel cell application (DMFC) [9,10].
Furthermore, the Pt3Ni bimetallic electrocatalysts on carbon-based substrates have been investigated
to catalyze the oxygen reduction reaction (ORR) [11]. Therefore, the addition of transition metal-based
catalysts of Ni atom will be considered as a potential alternative owing to their durability and cheaper
costs than Ru atom. On the other hand, the enhancement of MOR has been found by carbon-based
electrocatalysts, involved the synthesis of electrocatalysts with varied shapes of carbon-based materials
supporting, such as C60 nanoparticles, carbon nanotubes, and graphene nanosheets [12–20].

Thus, it is the important issue to combine the bimetallic Pt-based nanoparticles and carbon-based
substrates to enhance the electrocatalytic behaviors. Poly(diallyldimethylammonium chloride)
(PDDA) has recently been used to form the layer-to-layer structure to modify the graphene
surface by non-covalent bonding or π–π interaction [17,18]. Moreover, PDDA immobilized on the
carbon nanotubes has been demonstrated [19] to enhance water dispersibility of carbon nanotubes.
After immobilized by PDDA, the resulting surface charge of graphene nanosheets is positive charge to
prevent the aggregation of graphene nanosheets, and provides an anchored site to homogenously bind
the bimetallic Pt-based nanoparticles.

Therefore, the “one-pot” hydrothermal synthesis of PtNi nanoparticles grown on the
PDDA-modified graphene (PtNi/PDDA-G) nanohybrids for MOR applications would be investigated
in this paper. The morphology of PtNi/PDDA-G nanohybrids would be evaluated by Raman, X-ray
diffractometer (XRD), thermal gravity analysis (TGA), electron surface chemical analysis (ESCA),
electron energy loss spectroscopy (EELS), and transmitting electron microscopy (TEM) with the energy
dispersive spectroscopy (EDS) spectra (EDS/TEM spectra) and mapping technique. Pt on carbon
nanoparticles (Pt/C) and Pt on Graphene (Pt/G) nanohybrids would be used as control.

2. Results and Discussion

The in-situ microwave synthesized graphene is examined by XRD, as shown in Figure 1a.
The broadened 2θ peak of graphene (002) plane is found at approximately 23◦–25◦. However, the
graphene (002) plane of PtNi/PDDA-G nanohybrids shifted to 20.5◦–21◦, which shows that the
interplanar spacing (d spacing) of graphene is expanded by the intercalation of PDDA, as shown
in Figure 1b [21–24]. Furthermore, three XRD peaks is observed at 2θ = 40.2◦, 46.3◦, and 67.6◦,
which attributed to the crystalline plane of (111), (200) and (220) planes in the PtNi alloy
nanoparticles, respectively [25,26]. These results verified that PtNi alloy nanoparticles can grow
on the PDDA-G nanosheets.
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Figure 1. XRD spectra for: (a) graphene nanosheets; and (b) PtNi/poly(diallyldimethylammonium
chloride)-modified graphene nanosheets (PDDA-G) nanohybrids.
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Figure 2 shows the Raman spectra of the graphene, PDDA-G and PtNi/PDDA-G. The D and G
bands of graphene nanosheets are found at 1350.9 and 1582.1 cm−1, respectively. PDDA-G nanohybrid
displays a little bit Raman-shift (D band: 1349.2 cm−1 and G band: 1592.4 cm−1), compared with the
pristine graphene nanosheets. The D/G band ratios of graphene nanosheets and PDDA-G are 1.4
and 1.7, respectively. It exhibits that graphene nanosheets are reduced and fixed after PDDA addition.
However, G and D band peaks cannot be significantly found in the PtNi/PDDA-G, just showed the
sharp peak at 582 cm−1 (main peaks in the PtNi nanoparticle) and broad background. These results
confirm that PtNi nanoparticles truly were deposited on the PDDA-G nanosheets by “one-pot”
hydrothermal methods. The absence of G and B band of PtNi/PDDA-G should attribute to PtNi
nanoparticles fully embedded on the PDDA-G nanosheets.
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Figure 2. Raman spectra of PtNi/PDDA-G nanohybrids, PDDA-G and graphene nanosheets.

The ESCA analysis of Pt4f and Ni2p in the PtNi/PDDA-G nanohybrids is revealed in Figure 3 and
Table 1. The binding energies of the Pt metal phases (Pt0 phase) were 70.9 eV (Pt4f-7/2) and 74.2 eV
(Pt4f-5/2), respectively. Moreover, the Pt2+ on phase (PtO and Pt(OH)2) were 71.8 eV (Pt4f-7/2) and
75.3 eV (Pt4f-5/2), which is similar with the literature [24,27–29], as shown in Figure 3a. The ratio of
Pt0/Pt2+ was approximately 1.26, which implies that the Pt metal phase is dominant in PtNi/PDDA-G
nanocomposites. The Ni2p curve-fitting results show that the estimated Ni metal phase (Ni0 phase)
(855.5 and 873.2 eV) ratio to Ni2+ (for Ni(OH)2 and NiOOH) was 1.01, as shown in Figure 3b. By the
way, there are two broad satellite peaks (~862 and ~881 eV) in the Ni2p spectrum adjacent to the main
peaks, similar with the literature [29]. Furthermore, C1s curve fitting in the PtNi/PDDA-G shows that
the two peaks of C=C (284.8 eV) and C–O–C (286.2 eV). O1s curve-fitting results present four functional
groups of oxygen, phenol (533.9 eV), C–OH (532.6 eV), C=O (531.6 eV) and C–O–C (530.1 eV), as shown
in Table 1. These results confirm again that PtNi nanoparticles anchored on the PDDA-G nanosheets.
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Figure 3. Electron surface chemical analysis (ESCA) spectra of: (a) Pt4f; and (b) Ni2p in the
PtNi/PDDA-G nanohybrids.

Table 1. Fitting peaks of the ECSA spectra of PtNi/PDDA-G nanohybrids.

Atom Binding Energy (eV) Peak Area (%)

C1s
284.8 83.81
286.2 16

O1s

533.9 26.83
532.6 18.31
531.6 24.42
530.1 30.44

N1s
400.5 63.69
399.4 36.31

Ni2p

879.8 19.36
874.6 7.86
873.2 8.06
861.8 28.08
856.8 18.17
855.5 18.47

Pt4f

75.3 19.27
74.2 25.29
71.8 24.81
70.9 30.63
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The morphology of PtNi/PDDA-G is examined by high resolution transmission electron
microscope (HR-TEM, Figure 4). The result shows that PtNi alloy nanoparticles are approximately
2–5 nm (darker dots) and the size of graphene nanosheets is 100–500 nm in the bottom layer
(lighter background), as shown in Figure 4a,b. The selected area electron diffraction (SAED) shows
that the diffraction pattern of PtNi alloy nanoparticles [30] displays multi-crystalline structure
(Figure 4c), and graphene-based (PDDA-G) nanosheets exhibits the hexagonal lattice structure with
ellipse-shaped points (Figure 4d), which proves that PtNi alloy nanoparticles embed on the few layers
of PDDA-G nanosheets. Moreover, the HR-TEM image (Figure 4b) shows that the coverage area of
PtNi nanoparticles is up to 80%. The shape Raman peak (582.2 cm−1) with broad background come
from the PtNi nanoparticles, which is the reason why the G and D band (graphene phases) disappeared
in Raman spectra of PtNi/PDDA-G (Figure 2).
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Figure 4. (a,b) High resolution transmission electron microscope (HR-TEM) images of PtNi/PDDA-G
nanohybrids. The selected area electron diffraction (SAED) images of: (c) bimetallic PtNi alloy
nanoparticles; and (d) graphene-based (PDDA-G) nanosheets in the PtNi/PDDA-G nanohybrids.

EDS spectra (Figure 5a), dark-field and mapping images (Figure 5c) from transmission electron
microscope (TEM) are applied to differentiate the compositions of PtNi/PDDA-G nanohybrids.
Pt/Ni atomic ratio is about 1.61 in the bimetallic PtNi alloy nanoparticles, observed by EDS spectrum
(Figure 5a). Dark field TEM image in Figure 5c shows the distribution of the bimetallic PtNi alloy
nanoparticles. The location of bright dots is PtNi alloy nanoparticles. Furthermore, PtLα1 (yellow)
and NiKα1 (green) mapping displays the Pt and Ni elements are homogenously distributed on the
PDDA-G, as shown in Figure 5c.

Thermal gravity analysis (TGA) analysis (Figure 6) shows the loaded weight content (%) of PDDA
and PtNi alloy nanoparticles in the PtNi/PDDA-G nanohybrids. The weight loss (%) of PDDA occurs
at 270 to 305 ◦C, and the estimated PDDA content is ~5 wt % covered on the graphene surface. At 305
to 500 ◦C, graphene nanosheets are decomposed to CO2. After 500 ◦C, the residual weight (30.87 wt %)
might be the PtNi alloy nanoparticles and carbon residues.
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The cyclic voltammetry (CV) is examined in the 0.5 M H2SO4 aqueous to test the
oxidation-reduction reaction ability of PtNi/PDDA-G. Compared with the Ag/AgCl reference
electrode, the calculated hydrogen adsorption area of the electrochemical surface area (ECSA) is
40.9 m2/g of PtNi/PDDA-G, 32.4 m2/g of Pt/C and 24.16 m2/g of Pt/G at −0.2 to 0.0 V, as shown in
Figure 7a. PtNi/PDDA-G exhibits the highest ECSA, compared with Pt/C and Pt/G.
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Figure 7. Electrochemical study of PtNi/PDDA-G, Pt/G and Pt/C: (a) cyclic voltammetry (CV) curves
for PtNi/PDDA-G, Pt/G and Pt/C; (b) MOR tests of PtNi/PDDA-G, Pt/G and Pt/C; (c) the first, 100th,
200th and 300th cycles of MOR tests in the PtNi/PDDA-G; and (d) chrono amperometry (CA) tests at
0.75 V of PtNi/PDDA-G, Pt/G and Pt/C.

Further, the methanol oxidation reaction (MOR) activity of three electrocatalysts (PtNi/PDDA-G,
Pt/C and Pt/G) is examined in the 0.5 M H2SO4 + 0.5 M CH3OH aqueous at 0.0 to 1.0 V with a
scan rate of 50 mV/s for 1st cycle scanning, as shown in Figure 7b and Table 2. In forward peak
(If) scanning of PtNi/PDDA-G from 0.0 to 1.0 V, the onset potential is found at 0.41 V, and the
apex of If was at 0.62 V (287.2 mA/(cm2·mg)), which is high than Pt/G (161.4 mA/(cm2·mg)) and
Pt/C (158.2 mA/(cm2·mg)). In backward peak (Ib) scanning of PtNi/PDDA-G from 1.0 to 0.0 V,
the onset potential is found at 0.71 V, and the apex of Ib is at 0.47 V (141.3 mA/(cm2·mg)), which is
higher than Pt/G (89.8 mA/(cm2·mg)) and Pt/C (134.5 mA/(cm2·mg)). The results demonstrate that
PtNi/PDDA-G displays the best MOR activity.

Table 2. Comparison of the electrocatalytic properties of PtNi/PDDA-G, Pt/G and Pt/C nanohybrids.

Electro-Catalysts ECSA (m2/g) If (mA/(cm2·mg)) Ib (mA/(cm2·mg)) CA (mA/(cm2·mg))

PtNi/PDDA-G 40.90 287.2 141.3 11.3
Pt/G 24.16 161.4 89.8 5.4
Pt/C 32.40 158.2 134.5 0.3



Catalysts 2016, 6, 201 8 of 11

The area of If (1.59 × 10−2 Coulomb (C)) is designated to methanol oxidation, and the area of Ib
(8.24 × 10−3 C) is attributed to the amount of Pt-COadd and other oxidants on the activation site of
PtNi/PDDA-G [24,30]. The If/Ib ratio at 1st scan of PtNi/PDDA-G is 1.93 calculated from the curves
in Figure 7b, which indicates that the efficiency of methanol oxidation is more than that of the CO
and other oxidants [24,31]. Furthermore, If/Ib ratio of PtNi/PDDA-G increased to 2.54 at 300th cycles
scanning (Figure 7c). The highest ratio of If/Ib at 1st scan is Pt/G (2.49) and the lowest ratio is found at
Pt/C (1.37). Although Pt/G displays the best the efficiency of methanol oxidation, the optimal ECSA
and MOR activity of the electrocatalyst is PtNi/PDDA-G.

The Chrono amperometry (CA) and 300-cycles of MOR tests are used to evaluate the
electrocatalytic durability activity of aforementioned three electrocatalysts. The CA curve of
PtNi/PDDA-G gradually decreases with increasing reaction time. After 6000 s of CA measurement
at 0.75 V, the current density of PtNi/PDDA-G remains on the order of ~10−6 A/cm2, as shown in
Figure 7d. The CA test result shows that PtNi/PDDA-G displays the best durability of electrocatalysts
for MOR.

Finally, PtNi/PDDA-G nanohybrids after 300-cycles of MOR tests were examined by EDS/TEM
spectra (Figure 5b). The Pt/Ni ratio decreases from 1.70 to 1.18 and the O elements significantly
increase, induced to some interactions between methanol and electrocatalysts. Similar results are
found at EELS (Figure 8), the metal phase to oxide phase ratios after 300-cycles of MOR tests changes
from 1.15 to 0.78 in the Pt4f spectra (Figure 8a,b) and that from 0.81 to 0.33 in the Ni2p spectra
(Figure 8c,d), respectively. These results confirm that the metal phase (Pt and Ni) oxidation is executed
during MOR.
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Figure 8. Electron energy loss spectroscopy (EELS) spectra of PtNi/PDDA-G nanohybrids. The electron
energy loss (eV) of: (a) Pt4f; and (c) Ni2p before MOR test; and that of: (b) Pt4f; and (d) Ni2p after
300-cycles of MOR tests.
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3. Materials and Methods

3.1. Fabrication of PtNi Bimetallic Nanoparticle on PDDA-Modified Graphene

The graphene nanosheets were prepared by the direct microwave exfoliated method with the
graphite sheets. First, 0.1 g of graphite (Aldrich Co., St. Louis, MO, USA) was put into a 25 mL of
round-bottom flask and treated in the microwave synthesis system (CEM Discover Du7046, CEM
Coporation, Matthews, NC, USA) with a power output of 20 W at 80 ◦C for 10 s. Then, 100 mg of
the as-prepared graphene nanosheets was added to 50 mL of 3.5 wt % PDDA aqueous (Aldrich, Co.,
St. Louis, MO, USA) in the 100 mL of flask and then heated at 90 ◦C for 4 h. The PDDA-modified
graphene (PDDA-G) were fabricated. Further, 0.45 mmol of Pt precursors (K2PtCl6), 0.45 mmol of Ni
precursors (Ni(NO3)2), hydrazine hydrates, and 2.5 mL of H2O were added into the aforementioned
PDDA-G solution. Then, the mixed solution was transferred into a Teflon-lined autoclave and heated
at 90 ◦C for 24 h, which is as so-called the one-pot hydrothermal method. After washed, centrifuged
three times and dried at 90 ◦C, the PtNi bimetallic nanoparticles embedded on PDDA-G substrates
(PtNi/PDDA-G) were prepared. The synthesis of Pt/G nanohybrids can follow our previously
method [24], and Pt/C purchased from Union Chemicals, Ltd. (Hong Kong, China).

3.2. Characterizations

The Characterizations of PtNi/PDDA-G nanohybrids were examined with X-ray Diffraction
(XRD) using the Bruker D8 diffractometer (Bruker, Berlin, Germany), which was equipped with a Cu
Kα X-ray source. Raman analysis was excitation with 532 nm laser and data collection with Horiba
Jovin Yvon iHR550 spectrometer (Horiba Instrument Inc., Edison, NJ, USA).

The chemical compositions of PtNi/PDDA-G nanohybrids were examined by ESCA (Thermo VG
ESCAlab 250, VG System Ltd., East Grinstead, UK), which was equipped with a dual anode
(Mg Kα/Al Kα) X-ray source. ESCA results in this study were collected by Mg Kα X-ray source.
The high-resolution micro-structural images of PtNi/PDDA-G were analyzed by TEM (JOEL FEM
2100F, JOEL Ltd., Akishima, Tokyo, Japan), which was equipped with the Oxford energy dispersive
X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS) for the elements analysis.
The thermal gravimetric analysis (TGA) was performed by Perkin Elmer Pyris 1 (Perkin Elmer,
Shelton, CT, USA). The heating rate is 10 ◦C/min from room temperature to 800 ◦C in an
oxygen-purge environment.

The electrochemical study of PtNi/PDDA-G nanohybrids was examined by the AUTOLAB
potentiostat/galvanostat PGSTAT30 (Metrohm Autolab B.V., Utrecht, The Netherlands). The reference
electrode was Ag/AgCl (BSA, Co., Tokyo, Japan), and the counter electrode was a platinum wire
(diameter: 0.5 mm, and length: 10 cm) . The working electrode was a 2.31 µg/cm2 glass-carbon-
deposited PtNi/PDDA-G surface. The cyclic voltammetry (CV) was applied at a scan rate of 50 mV/s.
The electrochemical surface area (ECSA) was calculated using Equation (1) in the potential region of
−0.2–0.0 V [20].

ESCA =
Q

210 × gpt
(1)

The chrono amperometry (CA) test of PtNi/PDDA-G nanohybrids was examined at 0.75 V during
6000 s for methanol oxidation electrocatalysis current collection.

4. Conclusions

In this study, we have successfully prepared PtNi/PDDA-G nanohybrids by simple and rapid
one-pot hydrothermal methods for electrocatalysts applications. By XRD, ESCA and TEM/EDS results,
the particle size of bimetallic PtNi alloy nanoparticles is 2–5 nm and the Pt/Ni ratio is ~1.7 with
homogenous distribution on the PDDA-G nanosheets. The ECSA of PtNi/PDDA-G nanohybrids
is 40.9 m2/g, as calculated in the CV test in 0.5 M H2SO4. Furthermore, the cyclic MOR tests of
PtNi/PDDA-G nanohybrids show that the If/Ib ratio increases from 1.93 to 2.54 when the MOR cycles
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increase from 1st to 300th cycles. Compared to Pt/G and Pt/C, bimetallic PtNi nanoparticles with
graphene-based substrate (PDDA-G) demonstrate the optimal electrochemical surface area (ECSA),
MOR activity, and durability during MOR tests, which are potential for the usage of the anode electrode
catalysts in the direct methanol fuel cell (DMFC).
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