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In the present work, platinum-nickel (PtNi) bimetallic nanoparticles with a uniform diameter of 40 nm were anchored onto

a three-dimensional graphene (3DGN) by using the method of electrodeposition. The resulting PtNi/3DGN composites
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were developed toward highly active catalysts for methanol oxidation. Experimental results revealed that the PtNi/3DGN

composites exhibited improved electrocatalytic capacity (the forward anodic peak current density of 822.1 mA/mgep: in
methanol oxidation when compared with Pt alone (251.2 mA/mge:) and Pt/3DGN (416.9 mA/mgs), and indicated the high
tolerance to carbon monoxide generated in the process of methanol oxidation.

Introduction

The direct methanol fuel cell (DMFC), a fascinating factory to
convert chemical energy of methanol into electrical energy,
has attracted considerable interests due to its high energy
density, low operating temperature, less pollutant emission
and quick start—upl'g. However, the commercialization of
DMFC is hindered by sluggish oxidation reaction of methanol,
and high cost and easy deactivation of platinum (Pt) catalysts4"
8 To improve the electrocatalytic activity of Pt catalysts for
methanol oxidation, some modified approaches have been
developed typically, including controlling morphology and
facets of Pt nanoparticlesg"n; alloying it with other transition
metals such as Ru, Ni, Pd and Ag”'ls; as well as supporting Pt
based nanocatalysts onto supports such as carbon blacklg,
carbon nanotubezo, mesoporous carbon?! and garphenezz.

The addition of a second metal improves the surface chemistry
and reactivity properties of Pt, and based on the bi-functional
mechanism>? and ligand electronic effectzs'zg, the alloying
strategy is promising. In previous reports, the PtNi catalysts
exhibited a higher activity and a better tolerance to carbon
monoxide (CO) poisoning, when compared with the pure pt?*
30 Additionally, the alloying of PtNi can reduce the demand of
precious metal Pt. Nickel (Ni) alloying with Pt can reduce the
electronic binding energy of Pt, which contributes to the
methanol oxidation. Nickel oxides in PtNi bimetallic catalysts
provide the oxidation of CO at lower potentials with an oxygen
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An appropriate support with a large surface area, high
electrical conductivity and good stability, could promises a
high dispersion of Pt or Pt-based alloying nanoparticles and the
maximum utilization of noble materials®* *. Graphene, a two-
dimensional carbon material with fully delocalized m-electrons,
is extensively used as an excellent supporting material because
of its extremely large surface area, high charge carrier
mobility, good mechanical stiffness, and chemical and thermal
stability34'39 However, the strong planar stacking of two-
dimensional graphene nanosheets leads to a serious
deterioration of properties due to the formation of irreversible
agglomerates during electrode assemb|y40’ 4 Recently, great
efforts have been devoted to preparing three-dimensional
graphene (3DGN) nanostructures, so as to extending the
excellent properties of graphene into its three-dimensional
structure and in the meanwhile overcoming the restacking of
two-dimensional graphene“’“. The large porous architecture
of 3DGN maximizes the surface area availability of catalysts,
and the resulting catalysts exhibit a better mass transport of
reactants for the applications of fuel cell™*,

In the present work, PtNi/3DGN composites were prepared by
electrodepositon technology and further developed as the
catalyst for methanol oxidation. The three-dimensional
architecture of 3DGN contributed to the uniform dispersion of
PtNi nanoparticles and provided a large mass and electron
transport kinetics for the catalytic reaction. Relative efforts in
this work focused on the achievement of catalysts with
improved electrocatalytic activity, good capacity of anti-CO
poisoning and high stability for methanol oxidation.

Experimental

Reagents and apparatus

J. Name., 2013, 00, 1-3 | 1



HEEHRSCIAdvances: sl

ARTICLE

Graphite was provided by Qingdao Fujin graphite Corp., Ltd.,
China). H,PtClg-6H,0, Ni(NO3),-6H,0, CH3;0H and H,SO, were
purchased from Sinopharm Chemical Reagent Co.
Ltd.(Shanghai, China). All the reagents were of analytical grade
and used without further purification. Doubly distilled water
was employed throughout the experiment.SEM images were
taken by JEOL JSM-6500F equipped with an energy dispersive
X-ray spectrometry (EDS) and TEM images taken by JEOL JEM-
2100.The structural analysis of the as-prepared catalysts were
investigated by X-ray diffraction (XRD, DX2700, China)
operating with Cu Ka radition (A = 1.5418A). Cyclic
voltammetry (CV) and chronoamperometry measurements
were conducted on a CHI 660C electrochemical workstation
(Shanghai, China) with a conventional three-electrode system.
A glassy carbon electrode (GCE, 3 mm in diameter) was used as
the working electrode, while saturated calomel electrode (SCE)
and a Pt foil were used as the reference electrode and the
counter electrode, respectively. All potentials reported in this
work were with respect to the SCE reference electrode.

Preparation of PtNi/3DGN nanocomposite

The graphene oxide (GO) was synthesized by using a modified
Hummers method®®. Typically, 60 mL of GO aqueous solution
(2 mg/mL) was placed into a Teflon-lined autoclave and heated
to 180°C keeping for 6h™. After repeatedly washing with
distilled water and following freeze-drying treatment, 3DGN
1 mg of 3DGN was
ultrasonically dispersed in the mixture of 1 mL of ethanol and
20 plL of Nafion solution (5wt.%) to generate a homogeneous
black suspension. After that, 6 pL of the suspension was

was obtained successfully. Then,

dropped onto a GCE and dried at room temperature (forming
3DGN/GCE).Finally, the as-prepared 3DGN/GCE was immersed
in the mixed aqueous solution of 0.1 M of Ni(NO3), plus 0.038
M of H,PtClg, and the corresponding cyclic scan in the potential
range from -0.8 V to 1.2 V was performed (Fig. 1) to obtain
PtNi/3DGN composite catalysts. The reduction peak at 0.25 V
was attributed to PtCIsz'reduction and the reduction peak at -
0.59 V was due to Ni** reduction. The preparation procedures
of Pt/3DGN catalysts were similar to that of PtNi/3DGN in the
absence of Ni(NO3),. Pt catalysts were prepared by immersing
GCE in 0.038 M of H,PtClgand scanning in the potential range
of -0.8 to 1.2V.The effective surface area of GCE for deposition
is 0.07 cm> The loadings of Pt in Pt, Pt/3DGN and
PtNi/3DGN catalysts are calculated with values of 9.2 ug,
11.5 pg and 10.0 pg, respectively.
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Fig. 1 CVs of 3DGN/GCE in 0.1 M Ni(NO;), +0.038 M H,PtCl at
a scan rate of 100mV/s, number of potential cycles: 20.

Fig. 2 SEM images of 3DGN (A), Pt (B), Pt/3DGN (C) and
PtNi/3DGN (D). Insert is the histogram of particle size
distribution for PtNi/3DGN; TEM images of Pt/3DGN (E) and
PtNi/3DGN (F).

This journal is © The Royal Society of Chemistry 20xx
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Results and discussion

Morphological characterization

SEM images in Fig. 2 depict the morphology and structure of
as-prepared products. As indicated in Fig. 2A and Fig. S1 (A),
the prepared 3DGN represents an interconnected three-
porous frameworks and multi-wrinkles. The
Raman spectra of GO and 3DGN were shown in Fig. S1 (B),

dimensional

displaying two peaks around 1345 cm™ and 1585 cm™
corresponding to the D and G bands, respectively. The D band
is related to structural defects in the curved graphene sheet or
partially disordered structures of graphitic domains, while the
G band corresponds to the graphitic hexagon-pinch pattern.
The D/G intensity ratio increases from GO to 3DGN, which is
into the 3DGN during

due to the defects introduced

. 50, 51
reduction .

The three-dimensional structures enable the good mechanical
properties of graphene, and provide sufficient binding sites of
graphene for PtNi nanoparticles to anchor. As observed, the
PtNi nanoparticles can homogeneously anchored on the 3DGN
by an electrodeposition process, thus exhibited better defined
morphologies and smaller diameters (Fig.2D) than Pt
nanoparticles supported on the GCE (Fig. 2B). Pt/3DGN (Fig. 2C)
shown similar particle distribution with PtNi/3DGN (Fig. 2D).
The PtNi nanoparticles anchored on 3DGN have an average
diameter of 40 nm, which is smaller than that of Pt (~¥90 nm,
Fig. S2(A)) and Pt/3DGN (~55 nm, Fig. S2(B)), respectively. The
decreased diameter and uniformly distribution of PtNi
nanoparticles could be attributed to the delocalized mn-
electrons and three-dimensional porous frameworks of 3DGN,
which significantly enlarge the accessible surface area for
electrodepositon. The composition of PtNi/3DGN composite
in Fig.S3),
presence of C, O, Pt and Ni, further demonstrating that the
PtNi nanoparticles were deposited on 3DGN.Based on the EDS
spectra, the atomic ratio of Pt/Ni is about 2:1.
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Fig. 3(A) XRD patterns of Pt/3DGN (a) and PtNi/3DGN (b); (B) Pt
(111) peak in Pt/3DGN (a) and PtNi/3DGN (b).

Fig. 3 gives the XRD patterns of Pt/3DGN and PtNi/3DGN. In
the case of Pt/3DGN (Fig. 3A (a)), the peaks around 39.8, 46.5,
67.5 and 81.5 correspond to the (111), (200), (220) and (311)
planes of Pt face-centered cubic (fcc) crystal structure (JCPDS

This journal is © The Royal Society of Chemistry 20xx

04-0802), respectively, indicating that there is a formation of
fcc-crystal structured Pt on 3DGN. For the PtNi/3DGN (Fig. 3A
(b)), diffraction patterns show the same peaks as mentioned
above. However, the diffraction peaks slightly shift to higher
angle than that of Pt/3DGN. The minor shift of the Pt peaks is
account for that Ni atom has come into the Pt lattice with the

alloy formation between Pt and Ni%® 32,
Electrochemical characterization
Fig. 4shows the CVs of GCE coated with different

electrocatalysts in 1 M of H,SO, at a scan rate of 100mV/s. In
the electrochemical process, H, adsorption-desorption is used
to describe the electrochemically surface area (ECSA) of
catalysts, which indirectly evaluates the catalyst available
active sites for electrons transferred to and from the
electrode. The ECSA of catalysts is calculated from Fig.4 by
measuring the charge gained in the H, adsorption-desorption
region after double-layer correction, in which a value of 210
uC/cm2 is assumed for the adsorption of a hydrogen
monolayer™. The ECSA of PtNi/3DGN (c, 87.4m?%/gp) is larger
than that of Pt (a, 20.7m%/gp) and Pt/3DGN (b, 53.8m%/gp.).
Combination of Fig. 2 is further evidence for the improved
dispersion and small diameter of PtNi nanoparticles anchoring
on 3DGN.

Cyclic scan for methanol oxidation was performed in 1 M of
H,SO, and 1 M of CH3;OH aqueous solution containing Pt (a)
catalysts, Pt/3DGN (b) and PtNi/3DGN (c) composite catalysts,
respectively (Fig. 5). The measurements were conducted with
the potential range of -0.2to 1.2 V at a voltage scan rate of 100
mV/s. Pt (a), Pt/3DGN (b) and PtNi/3DGN (c) catalysts show
similar trends that there are well-separated anodic peaks in
the forward scan (lf) and the backward scan (l,), which
characterize the process of methanol oxidation. The forward
peak magnitude is depended on the amount of methanol
oxidized at the electrode modified by catalysts. The backward
peak is originated from the removal of CO and the oxidation of
other intermediate carbonaceous species. PtNi/3DGN (c, 822.1
mA/mgp) showed a higher current density of oxidation
reaction for methanol when compared with Pt(a, 251.2
mA/mgp;) and Pt/3DGN (b, 416.9 mA/mg;,). In addition, the
ratios of I¢/l, are determined to be 1.87 for PtNi/3DGN (c), 1.52
for Pt/3DGN (b) and 1.23 for Pt (a), respectively. These results
indicated that methanol molecules adsorbed on PtNi/3DGN
could be much oxidized during the forward scan and form
relatively few poisonous carbonaceous species. Furthermore,
PtNi/3DGN (c) exhibited a more negative onset potential than
that of Pt (a). The larger surface area and the increased active
adsorption sites accelerated reaction rate and avoided the
accumulation of carbonaceous intermediates, thus resulting in
the improved catalytic activity and high resistance to CO
poisoning. Also, the addition of Ni, based on the bi-functional

. 23-25 . . 26-29 .
mechanism and ligand electronic effect™ ™, improves the

J. Name., 2013, 00, 1-3 | 3
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surface chemistry and reactivity properties of Pt which

contributed to the catalytic ability for methanol oxidation.

Current/mA

Potential / V (vs.SCE)

Fig. 4 CVs of Pt (a), Pt/3DGN (b) and PtNi/3DGN (c) in the
solution of 1.0 mol/L H,SO, at a scan rate of 100mV/s

As exhibited in Fig. 6, the chronoamperometric curves of Pt (a)
Pt/3DGN (b) and PtNi/3DGN (c) were measured in the aqueous
solution of 1 M H,SO, and 1 M CH3OH at 0.65 V to investigate
the catalytic activities and the electrochemical stabilities of
catalysts. The current density for methanol oxidation exhibited
a rapid decay at the initial stage for Pt (a), Pt/3DGN (b) and
PtNi/3DGN (c), which may result from the formation of
After minutes, the
current density decreased slowly and reached a steady state.
PtNi/3DGN (c) composite catalyst exhibited a lower
degradation rate and a higher steady state current density
than those of Pt (a) and Pt/3DGN (b). Thus, the PtNi/3DGN
catalyst demonstrated a superior catalytic activity and
electrochemical stability. These results should be ascribed to

carbonaceous intermediates. several

the bi-functional mechanism and ligand electronic effect of
PtNi bimetallic catalysts and the unique three-dimensional
structure of 3DGN which facilitates the effective loading and
uniform distribution of PtNi nanoparticles. To further evaluate
the performance of our prepared PtNi/3DGN catalyst, some
relevant reported works have been generalized in Table 1 for
comparison. Comparably speaking, our catalyst PtNi/3DGN
shows less CO tolerance than PtRu/VGlS, which can be
considered as a disadvantage. However, it displays relatively
higher performance for the catalytic activity and CO tolerance
compared to some of the other reported works. So, more
intensive and targeted research is deserved to pursue more
significant performance.

4| J. Name., 2012, 00, 1-3

Journal Name

Table 1

Comparison of our work with other relevant reported works on the
catalytic activity for methanol oxidation

Catalyst ECSA Mass I/l References
(m*/ge) activity
(mA/mg)
Pt-Ce0O,/graphene 66.4 440.1 1.48 54
Pt/PB/graphene 85.7 445 1.37 37
PtNi/graphene 98 413 1.33 52
PtPd NW/RGO 23.0 510 1.29 16
Pt,4/RGO 36.7 550.4 1.24 39
Pt-Ru/VG — 339.2 3.3 15
Pt/3DGN 53.8 416.9 1.52 this work
PtNi/3DGN 87.4 822.1 1.87 this work
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Fig. 5 CVs of Pt (a), Pt/3DGN (b) and PtNi/3DGN (c) in the
solution of 1 mol/L H,SO,4 containing 1 mol/L CH;OH at a scan
rate of 100mV/s

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 Chronoamperometric curves for Pt (a), Pt/3DGN (b) and
PtNi/3DGN (c) in the solution of 1 mol/L H,SO, containing 1
mol/L CH;OH at a fixed potential of 0.65 V vs. SCE (KCl sat.).

Optimization of parameters

In Fig. 7, the cyclic voltammograms of PtNi/3DGN at different
concentrations of H,SO, were recorded in 1 M of methanol
with the potential range of -0.2 to 1.2 V at a scan rate of 100
mV/s. As observed, the anodic current density increased with
the increase of H,SO, concentrations and leveled off at
concentrations higher than 1.0 M. The increase of H'
concentration (less than 1 M) contributed to the conductivity
of the solution, so accelerating the reaction rate. When the
concentration of H was higher than 1 M, the negative effect
was assumed to be caused by the saturation of H'in solution,
which impeded the breaking of C-H in methanol oxidation®™’.
In accordance with this result, the optimum concentration of
H,SO, was close to 1 M.

Fig. 8A displays electrocatalytic behavior of PtNi/3DGN for
methanol oxidation at different scan rates by cyclic
voltammetry in 1 M H,SO, and 1 M CH3OH solution. As can be
seen from Fig. 8B, the peak current density exhibited a linear
relation versus the square root of the scan rate with R of
0.9983, revealing that the electrocatalytic process is controlled
by diffusion.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 CVs of PtNi/3DGN in the solution of H,SO, containing 1
mol/L CH3;OH at a scan rate of 100 mV/s, the concentration of
H,SO4(mol/L): a) 0.4, b) 0.6, c) 0.8, d)1.0, e) 1.2, f) 1.4,
g)1.6
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Fig. 8 (A) CVs of the PtNi/3DGN catalyst in the solution of
1mol/L H,S0, containing 1mol/L CH30OH. Scan rate: 40, 60, 80,
100, 120, 140, 160 mV/s follow the arrow; (B) the variation of
the peak current density in the positive sweeping with the
square root of scanning rate.

Conclusions

The novel PtNi/3DGN composite catalysts consisting of PtNi
bimetallic nanoparticles anchored on 3DGN were fabricated by
electrodeposition method. Experimental results revealed that
PtNi nanoparticles were uniformly distributed on the porous
3DGN. The as-prepared PtNi/3DGN composite catalysts
exhibited excellent electrocatalytic activity, high tolerance to
CO poisoning and good stability. The PtNi/3DGN composites as
anode catalyst exhibited a significantly improved reaction rate
for methanol oxidation.
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