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A B S T R A C T

It has been a great challenge to directly deposit uniform metal particles onto pristine

graphene due to its low surface energy and chemical inertness. Without any surfactant

or functionalization, we have developed a unique synthesis of high-quality PtRuNi trime-

tallic nanoparticles supported on pristine graphene via a simple but effective supercritical

route. Due to excellent wettability between supercritical carbon dioxide and the carbon sur-

face, ultrafine metal particles are uniformly and firmly anchored on the graphene sheets.

While well retaining its intrinsic structure and outstanding electronic conductivity, the

pristine graphene with well-dispersed PtRuNi trimetallic nanoparticles shows significantly

improved catalytic activity towards methanol oxidation, which is at least ten times higher

than those of the commercial Pt/C and homemade Pt/XC-72 catalysts. The resulting trime-

tallic hybrid also exhibits high stability as compared to Pt and PtRu/pristine graphene com-

posites and the reduced graphene oxide counterparts. In principle, the supercritical

method can be applied to other metal nanoparticles in fabrication of high-performance

graphene-based nano-catalysts.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, extensive research has been focused on direct

methanol fuel cells (DMFCs) for their low pollutant emission,
high energy-conversion efficiency, and easy handling and dis-

tribution [1]. To date, the most promising anode catalyst for

methanol oxidation has been platinum [2]. However, commer-

cial Pt-based fuel cells have been limited by their toxicity of
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carbon monoxide, high cost of platinum, and catalyst particle

aggregation. The addition of transition metals such as Ru to

Pt-based catalysts can significantly improve the CO-tolerance

in methanol electrooxidation through the so-called bifunc-

tional mechanism and lower the overpotential [3–5]. The crit-

ical issues to be addressed by the current research involve

enhancing the electrocatalytic performance of the binary

PtRu alloy and reducing the costs of noble metals [6]. Recent

advances on ternary catalysts by addition of nickel such as

PtRuNi catalysts include improved electrocatalytic perfor-

mance with an atomic ratio of 6:3:1 for methanol oxidation

in comparison to the commercial Pt-based catalysts [7,8].

In order to maximize the catalytic activity of noble metals

while minimizing their consumption, synthesizing Pt and Pt-

based alloy nanocrystals with ultrafine sizes is a viable

approach. The most effective strategy is to disperse noble

metal nanoparticles on the surfaces of supporting materials

[9]. One of the major requirements for an ideal supporting

material is a large surface area for fine dispersion of catalyst

nanoparticles. It also requires high inertness in harsh electro-

chemical conditions, low cost, and high electrical conductiv-

ity [10]. At present, carbon black is the most popular carbon

support for catalysts. However, it has a poor corrosion toler-

ance in working conditions of DMFCs. It is, therefore, impor-

tant to identify appropriate supporting materials and

develop effective synthetic routes for improved DMFCs [1].

Currently, graphene-based materials with a unique two-

dimensional honeycomb carbon substrate for immobilizing

noble metal nanocrystals have been utilized in the develop-

ment of high-performance electrocatalytic devices [11].

Graphene is well known for its large surface area, structural

stability, excellent mechanical strength, exceptionally high

electrical and thermal conductivity [12]. The methods of

hybridizing graphene with noble metals have been developed

by using graphite oxide (GO) sheets as a carbon precursor

[9,13–16]. Oxygen functionalities on GO surfaces provide good

exfoliation of the graphene sheets in some solvents and facil-

itate growth of metal nanoparticles. By interrupting the peri-

odicity of sp2-hybridized carbon atoms, however, the surface

functionalization substantially impairs the electrical and

mechanical properties of the material. Even under the stron-

gest reducing condition, the complete removal of functional-

ities is impossible, as demonstrated by theoretical predictions

and experimental studies [7,8]. Furthermore, numerous

framework defects and defective graphene fragments remain

on graphene surfaces upon reduction, leading to severe dis-

ruption of its intrinsic electronic transport. These imperfec-

tions can render the graphene-based composites

considerably unstable under harsh electrochemical condi-

tions as the defective sites usually initiate the corrosion of

carbon materials [11].

As is well known, the surface of graphene is inactive due to

high graphitization. As a result, it is extremely difficult to

achieve direct deposition of highly dispersed metal nanopar-

ticles on pristine graphene surfaces [1]. There have been

few reports on successful preparation of pristine graphene-

based metal nanoparticles. In previous studies, we showed

uniform distributions of Pt or PtRu alloy on thermally reduced

graphene (TRG) (or the so-called functionalized graphene
sheets) via a supercritical carbon dioxide (CO2) route at 120 �C
or 200 �C (for the reduction of metal precursors by methanol

or hydrogen) [17,18]. TRG exhibits a high density of defects

that are formed during thermal expansion of GO. These

defects can serve as the anchoring sites for growth of the

metal nanoparticles.

In this work, we report the direct deposition of Pt, PtRu

and PtRuNi nanoparticles on pristine graphene by a modi-

fied supercritical carbon dioxide route. In this synthesis,

dimethyl amine borane (DMAB, a chemical hydrogen storage

material [19]) replaces H2 as a reducing agent. This greatly

simplifies experimental setup and operation that was previ-

ously used for H2. The reduction of metal precursors occurs

at significantly lowered temperature (50 �C) [20,21]. Pt(II),

Ru(III) and Ni(III) acetylacetonate were employed as metal

precursors. The unique features of supercritical fluids

include near zero surface tension, gas-like diffusion rate,

and low viscosity. Under the supercritical condition, ultra-

fine metal nanoparticles were homogenously decorated on

highly conductive graphene sheets. For comparison, reduced

graphene oxide (RGO) and Vulcan XC-72 (Vulcan XC-72 from

Cabot) were also investigated as support materials in the

development of PtRuNi, PtNi and Pt catalysts. The pristine

graphene-based composites exhibit significantly enhanced

electron transport, and improved activity and stability for

methanol electro-oxidation. The graphene-supported PtRuNi

hybrid as an electrocatalyst shows an activity at least by a

factor of ten in comparison to the commercial and home-

made Pt/XC-72 catalysts, preceding any results of graph-

ene-based Pt or Pt alloy reported in literature.

2. Experimental section

2.1. Materials

Carbon black with a specific surface area (BET) of 250 m2/g

was purchased from Cabot (Vulcan XC-72). Natural Graphite

Powder was obtained from Qingdao Ruisheng Graphite Co.

Ltd. (purity 99.99%, particle size 40 lm). A platinum precur-

sor (Pt(acac)2, acac = acetylacetonate), a ruthenium precursor

(Ru(acac)3) and a nickel precursor (Ni(acac)3) were purchased

from Alfa Aesar. CO2 was provided by Qingdao Heli Gas Co.

Ltd. DMAB was obtained from Aldrich. All other

chemicals were of analytical grade and used as received.

Commercial Pt/C catalyst (20 wt% Pt) was purchased from

Alfa Aesar.

2.2. Preparation of graphite oxide

Graphite oxide was prepared from natural graphite powder by

the method described by Hummers et al. with some modifica-

tions [22,23]. Briefly, 5 g of graphite powder and 3.75 g of

NaNO3 were added to 230 mL of concentrated H2SO4 (98%)

with stirring in an ice-water bath. Then, 15 g of KMnO4 was

slowly added over about 1 h, so that the temperature of the

mixture was maintained below 10 �C. After the mixture was

stirred at 35 �C for 5 days, 500 mL of 5 wt% H2SO4 aqueous

solution was added over 1 h under magnetic stirring, and

the temperature was kept at 98 �C for 2 h. Then, the tempera-
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ture was reduced to 60 �C, 15 mL of 30 wt% H2O2 solutions was

added, and the mixture was stirred for 2 h at 30 �C. The col-

lected precipitates were washed repeatedly with 3 wt%

H2SO4/0.5 wt% H2O2 solution, 5 wt% HCl aqueous solution

and distilled water. Finally, the products were dried in a vac-

uum oven at 40 �C for three days.

2.3. Synthesis of graphene sheets

Graphene sheets were prepared by dispersion and exfolia-

tion of bulk graphite in NMP based on Coleman’s work

[24]. Specifically, natural graphite (1 g) was dispersed in

NMP (100 mL) using a sonic tip at 150 W for 2 h. The resul-

tant suspension was then centrifuged for 2 h at 600 rpm.

The top 85% of the dispersion (about 85 mL of 100 mL of

the suspension) was collected by a pipette. The homoge-

neous dark dispersion was filtered through a nylon mem-

brane (pore size 0.45 lm) and washed with methanol

several times, followed by drying in vacuum at 50 �C to

obtain graphene sheet thin film.

2.4. Synthesis of catalysts

The PtRuNi (with an atomic ratio of 6:3:1)/graphene (RGO or

Vulcan XC-72), PtRu (with an atomic ratio of 1:1)/graphene

(RGO or Vulcan XC-72) and Pt/graphene (RGO or Vulcan XC-

72) catalysts, were obtained by chemical reduction with

dimethyl amine borane as the reducing agent. Pt(acac)2
(acac = acetylacetonate), Ru(acac)3 and Ni(acac)3 were used

as the corresponding precursors. In a typical experiment,

20 mg of pristine graphene sheets was ultrasonically dis-

persed in 6 mL of a mixed solvent of methanol/NMP (volume

ratio = 1:2) for 1 h. Then 20 mg of dimethyl amine borane,

20 mg of Pt(acac)2, certain amount of Ru(acac)3 or Ni(acac)3
were added to the ink and then mixed thoroughly for

30 min. Then the suspension was loaded in a 25 mL stainless

autoclave. The autoclave was sealed and CO2 was charged

into the vessel up to 16 MPa in an oven at 50 �C in order to

obtain a supercritical fluid. The system was stirred vigorously

for 4 h before the vessel was depressurized. Catalyst powder

was collected after sonicating and washing 5 times using

methanol. The produced sample was vacuum-dried at 50 �C
for 24 h. Similarly, Vulcan XC-72-based composites were pre-

pared under the same experimental conditions. RGO-based

composites were initially prepared under the same supercrit-

ical conditions (at 50 �C) using GO as the starting material.

However, the reduction degree of GO was low so that no sig-

nificant electrocatalytic activity was measured. The reaction

temperature was elevated to 180 �C to fully reduce GO (the

dispersion of metal nanoparticles on RGO would not be influ-

enced at this temperature) [25].

2.5. Electrocatalytic property measurements

The electrochemical properties of the resulting composites

were characterized by cyclic voltammogram (CV) and chrono-

amperometry (CA) using a conventional three-electrode cell

on a CHI660B Electrochemical Workstation (Chenhua, China).

All tests were conducted at room temperature. A glass carbon
electrode coated with catalysts (3 mm in diameter) was used

as the working electrode, a Pt wire as counter electrode, and

Ag/AgCl electrode as reference electrode. 10 lL of N,N-

dimethylformamide solution containing catalyst (2.5 mg/mL)

was cast dropwise onto glass carbon electrode surface. After

drying at room temperature in air, 8 lL of 0.05 wt% Nafion

solution was dropped on the surface of the catalyst layer to

form a thin film, preventing catalyst from detaching. Prior

to the electrochemical tests, the working electrode was dried

for 3 h at room temperature. The electrocatalytic activity and

stability of the catalysts for the oxidation of methanol were

evaluated in 1 M CH3OH and 0.5 M H2SO4 by means of CV

and CA tests. The electrolyte solutions were deaerated with

ultrahigh purity nitrogen for 15 min prior to any

measurement.

The impedance spectra were obtained on SI 1260 imped-

ance/gain-phase analyzer at frequencies from 100 kHz to

0.01 Hz with amplitude of 5 mV at a potential of �0.15 V (vs.

Ag/AgCl), and ZPlot and ZView softwares were used to mea-

sure and analyze the impedance data, respectively.

2.6. Characterization

The composites were dispersed with a mixed solution of 5 mL

of HCl (2.1 M) and 5 mL of HNO3 (2.1 M) in a block tube heated

at 95 �C for 4 h [26–28]. After maintaining at room tempera-

ture for 12 h, 2 mL of HF was added. The sample solutions

were digested at 95 �C for 2 h. Inductively coupled plasma

spectroscopy/optical emission spectroscopy (ICP/OES, Per-

kin–Elmer, Optima 3300XL with AS 91autosampler) was used

to analyze the resulting solutions for the metal contents of

the prepared composites.

X-ray diffraction (XRD) patterns were obtained using a D-

MAX 2500/PC operated at 40 kV and 100 mA with Cu Ka radi-

ation (k = 0.15418 nm). The X-ray photoelectron spectroscopy

(XPS) measurement of the composites was performed on a

RBD upgraded PHI-5000C ESCA system (Perkin Elmer) with

Al Ka radiation (hm = 1486.6 eV). The data analysis was carried

out using RBD Augerscan 3.21 software (RBD Enterprises,

USA). Raman spectroscopy was performed on a Renishaw

inVia Raman System 1000 with a 532 nm Nd:YAG excitation

source at room temperature. The morphologies of the com-

posites were examined by a JEOL 2010 transmission electron

microscope (TEM) equipped with an energy-dispersive X-ray

spectrometer (EDS).

3. Results and discussion

Typical XRD patterns of dried graphene, PtRuNi/graphene,

PtRu/graphene, and Pt/graphene composites are presented

in Fig. 1a. As can be seen in XRD pattern of dried graphene,

the predominant and sharp diffraction peak at 26.5� is evi-

dently attributed to the (002) plane reflection of crystallized

hexagonal graphite. A minor diffraction peak at 54.7� can be

assigned to (004) plane of hexagonal graphite. These features

suggest that the exfoliated graphene sheets were restacked

with each other upon drying in the oven.

We observed significant decreases in the intensity of char-

acteristic peaks of the (002) plane reflection of graphene in
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Fig. 1 – (a) Wide scanning of XRD diffractions of dried graphene, PtRuNi/graphene, PtRu/graphene and Pt/graphene samples;

(b) magnified XRD patterns of PtRuNi/graphene, PtRu/graphene and Pt/graphene samples. (A color version of this figure can

be viewed online.)
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the XRD patterns of PtRuNi/graphene, PtRu/graphene and Pt/

graphene composites. This behavior is due to reduced aggre-

gation and restacking of graphene sheets by the attached

metal nanoparticles. The four other peaks, characteristic of

the face centered cubic (fcc) crystalline Pt (JCPDS card No.

65-2868), correspond to the planes (111), (220), (200), and

(311), respectively.

The alloy catalysts display a dominant feature of disor-

dered single-phase structures. As compared to the diffraction

peaks of Pt/graphene, those of PtRuNi/graphene and PtRu/

graphene are shifted to higher 2h values [10,29]. The (111)

peaks of PtRuNi/graphene and PtRu/graphene are both shifted

over 39.61� for Pt/graphene. Those of PtRuNi/graphene and

PtRu/graphene are at 41.31� and 40.36�, respectively, as can

be seen in Fig. 1b. The same trend is also found for the

(220) peaks [67.24� (Pt), 68.10� (PtRu), 68.41� (PtRuNi)]. The

peak shift to the higher angle for Pt accounts for the alloy for-

mation between Pt, Ru, and Ni. By fitting the (220) peak, the d

spacing of (220) in the PtRuNi and PtRu alloy nanoparticles

are respectively 1.3704 Å, and 1.3757 Å, whereas that of pure

Pt is 1.3912 Å. Clearly, among three catalysts, the d spacing

of (220) for PtRuNi/graphene is the smallest, while that of

Pt/graphene is the largest. The lowered lattice parameters

for the alloy hybrids indicate the progressive increase in

incorporation of Ni and Ru atoms into the alloy. PtRu is known

for high solubility in the binary system. The metallic Ni and

Ru atoms are likely in the platinum lattice of PtRuNi alloy,
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2θ (degree)

 I
nt

en
si

ty
(a

.u
.)

Pt/RGO
 PtRu/RGO
 PtRuNi/RGO
 GO

C(002)

C(002)

Pt(111)
Pt(200)

Pt(220)

Pt(311)

Fig. 2 – XRD patterns of GO, PtRuNi/RGO, PtRu/RGO and Pt/

RGO samples. (A color version of this figure can be viewed

online.)
and the metallic grains containing Ni are intermixed with

amorphous Ni oxides, such as Ni(OH)2, NiO, and NiOOH (see

XPS data below). Another possibility is the presence of oxides

at the grain surfaces.

Fig. 2 shows XRD patterns of GO, PtRuNi/RGO, PtRu/RGO

and Pt/RGO composites. The most intensive speak at

2h = 11.1� corresponds to the (002) reflection of GO. The inter-

layer spacing (0.80 nm) is larger than that of pristine graphite

(0.34 nm) due to introduction of the oxygen-containing

groups (hydroxyl, epoxy, carboxyl and carbonyl groups) [21].

In the cases of composites, the (002) reflection peak of layered

graphite oxide disappears and no prominent peaks corre-

sponding to graphene aggregates are found. Although GO

was reduced during the preparation of the composites, the

stacking of the reduced graphene oxide was fully inhibited

by the metallic nanoparticles. The other diffraction peaks of

PtRuNi/RGO, PtRu/RGO and Pt/RGO composites are

assigned to metallic Pt with the similar trend of angle shift

as PtRuNi/graphene, PtRu/graphene, and Pt/graphene

composites.

The morphology, the size and the dispersion of the metal

particles deposited on different carbon supports were studied

by TEM. Fig. 3 shows the typical TEM micrographs of Pt/graph-

ene, PtRu/graphene and PtRuNi/graphene, respectively. As

can be seen from Fig. 3(a–c), the nearly transparent carbon

sheets are the result of extremely thin monolayer and few-

layer graphene sheets, generated during the preparation pro-

cesses. In all cases, ultrafine nanoparticles are uniformly and

firmly decorated on large area of graphene sheets with similar

sizes. Long-term sonication did not remove the metallic par-

ticles on graphene. The particle distributions (Fig. 3d–f) are

from 1.7 to 4.8 nm for Pt/graphene, 1.3 nm to 4.7 nm for

PtRu/graphene and 1.7 to 4.4 nm for PtRuNi/graphene. The

average particle size is 3.11 nm for Pt/graphene, 2.85 nm for

PtRu/graphene and 3.02 nm for PtRuNi/graphene. This indi-

cates minimal size influence on their catalytic activity for

methanol electro-oxidation. Presented as an inset in

Fig. 3(a–c), the corresponding selected area electron diffrac-

tion (SAED) patterns taken from the three composites also

share structural similarities: each exhibits not only a typical

sixfold symmetry diffraction pattern arising from graphene,

but also characteristic Pt diffraction circles as polycrystals.

No crystalline reflections of Ru or Ni species were detected.
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Fig. 3 – TEM images of Pt/graphene (a), PtRu/graphene (b) and PtRuNi/graphene (c) composites with SAED patterns as insets,

and the particle size distributions of Pt/graphene (d), PtRu/graphene (e) and PtRuNi/graphene (f) composites. (A color version

of this figure can be viewed online.)
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Elemental identification of the nanoparticles was per-

formed using energy-dispersive X-ray spectroscopy (EDS).

EDS spectra (Fig. S1, see Supplementary Information) show

the presence of Pt, Ru and Ni in PtRuNi/graphene, Pt and Ru

in PtRu/graphene, and Pt in Pt/graphene. ICP analysis shows

the exact contents of metals in the composites: 24.8 wt% Pt,

12.6 wt% Ru and 4.1 wt% Ni in PtRuNi/graphene, 19.2 wt% Pt

and 17.7 wt% Ru in PtRu/graphene and 21.1 wt% Pt in Pt/

graphene, respectively.

The uniform dispersion of metal nanoparticles on pristine

graphene is attributed to the gas-like diffusivity, extremely

low viscosity, and near-zero surface tension of supercritical

CO2. Moreover, the excellent penetration of supercritical CO2

can effectively debundle (by intercalation and exfoliation)

[30] graphene and distribute nanoparticles to prevent restack-

ing of the graphene sheets. It should be pointed out that no

substrate pretreatment was required to obtain the high-qual-

ity nanoparticle distribution.
Fig. 4 – TEM images of Pt/RGO (a), P
In the cases of the RGO-based metal hybrids (PtRuNi/RGO,

PtRu/RGO and Pt/ RGO), it is evident that the nanoparticles

tend to agglomerate on RGO. RGO is rippled with a dimension

of several hundred nanometers to a few microns (Fig. 4). TEM

observation indicates that no RGO aggregates into layered

structure, consistent with the XRD analysis. Although abun-

dant oxygen-containing groups on GO can promote the depo-

sition of metal particles, conglomeration of metal

nanoparticles can take place due to the uneven distribution

of excessive functional groups and the rough graphene

surface.

For comparison, we also estimate the size distributions of

the particles supported on carbon black (PtRuNi/XC-72, PtRu/

XC-72 and Pt/XC-72) prepared under the same experimental

conditions. Larger particles with broader size distributions

are found in these samples (Fig. 5a–c). Detailed analysis

shows that the average particle sizes of Pt/XC-72, PtRu/XC-

72 and PtRuNi/XC-72 are 4.37 nm, 4.72 nm and 4.64 nm,

respectively (Fig. 5d–f). The metal contents of carbon black
tRu/RGO (b), and PtRuNi/RGO (c).
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Fig. 5 – TEM images of Pt/XC-72 (a), PtRu/XC-72 (b) and PtRuNi/XC-72 (c), and particle size distributions of Pt/XC-72 (d), PtRu/

XC-72 (e) and PtRuNi/XC-72 (f). (A color version of this figure can be viewed online.)
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and RGO-based composites are listed in Table S1 (see Supple-

mentary Information), as determined by ICP digestion. The

morphology and size of the commercial Pt/C are shown in

Fig. S2.

Raman spectroscopy was utilized to evaluate structural

defects and number of layers of the graphene-based samples

[31]. Fig. 6 shows the Raman spectra of pristine graphene, Pt/

graphene, PtRu/graphene, PtRuNi/graphene. The appearance

of three major peaks at approximately 1350 cm�1, 1580 cm�1

and 2700 cm�1 are assigned to the D band, G band and 2D

band of graphene, respectively [32]. The D band is caused by
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Fig. 6 – Raman spectra of pristine graphene, Pt/graphene,

PtRu/graphene and PtRuNi/graphene. (A color version of this

figure can be viewed online.)
the structural disorder or defects (sp3 bonds), while the G-

band corresponds to the doubly degenerate E2g mode of

graphite which is related to the coplanar vibration of sp2 car-

bon atoms in a two-dimensional hexagonal lattice. The 2D

band arises from second-order zone boundary phonons and

shifts according to the number of graphene layers [33,34].

For pristine graphene, the intensity ratio (ID/IG) of the D to G

band is small (0.19), indicating low defect density of graphene

[35]. For the graphene-based samples, the intensity ratio (ID/

IG = 0.21, 0.24 and 0.23 for Pt/graphene, PtRu/graphene and

PtRuNi/graphene, respectively) only increases slightly, con-

firming highly crystalline structure of graphene upon super-

critical CO2-assisted deposition of the metal nanoparticles.

The integrity of graphene is critical for achieving good electri-

cal conductivity and high electrocatalytic performance of the

composites. The line shape and position (at around

2708 cm�1) of 2D band in the Pt/graphene, PtRu/graphene

and PtRuNi/graphene composites indicates the few-layer

graphene structure in the composites [31,36].

Significant structural changes occurred during the chemi-

cal processing as GO transforms to RGO nanosheets. Fig. 7

shows Raman spectroscopy result of pure graphite. As can

be seen in this figure, D and G modes are weak, but after oxi-

dation both modes become wider with increased intensity.

The well defined 2D band peak (2725 cm�1) of pure graphite

begins to change in the GO spectrum as shown in Fig. 7.

The G bands of the RGO-based composites are also broadened

and upshifted in comparison to those observed in graphite

(from 1583 cm�1 for graphite to 1595 cm�1 for Pt/RGO,
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1593 cm�1 for PtRu/RGO and 1592 cm�1 for PtRuNi/RGO). A

possible explanation for this behavior is the presence of iso-

lated double bonds which resonate at higher frequencies

[37]. Furthermore, the D band at 1346 cm�1 becomes promi-

nent, indicating the presence of structural imperfections gen-

erated by the attachment of hydroxyl and epoxide groups on

the carbon plane [33]. Once formed, these defects become

very difficult to remove even by strong reducing reagents.

The D/G intensity ratios (ID/IG) of the RGO-based samples

show enhanced values as compared to that of GO (ID/

IG = 0.85), indicating more sp2 domains with a decreased aver-

age size upon reduction of GO [21,38,39]. Compared with pris-

tine graphene-based composites, the intensity of D band

significantly increases (relative to G band), implying reduced

electrical conductivity [40,41]. The additional peaks of over-

tone (2D) and combination bands (D + G) associated with the

local disorder and defects in the sp2 phase are also seen in

the Raman spectra of the RGO-based composites, consistent

with previous observations of graphene–metal composites

[42,43]. The peak position (around 2691 cm�1) of the 2D band

is similar to that of a monolayer graphene [31,36].

XPS was used to determine the surface elemental compo-

sition and covalent state of various species in the graphene-

based catalysts. The Pt 4f spectrum of Pt/graphene is shown

in Fig. 8(a). Strong doublet peaks at 71.22 eV (Pt 4f7/2) and

74.46 eV (Pt 4f5/2) with the theoretical ratio of peak areas of

4:3 indicate the element Pt [44]. The other two weaker dou-

blets correspond to Pt oxides. The doublet peaks at 72.26

and 76.99 eV can be attributed to Pt2+ in the form of PtO or

Pt(OH)2, while the doublet peaks at 75.60 and 78.59 eV arises

from Pt4+, possibly in the form of PtO2 [44]. Detailed XPS anal-

ysis shows that Pt is comprised of 73.1 % metallic Pt, 14.6%

PtO or Pt(OH)2, and 12.3% PtO2.

Fig. 8(b) and (c) shows the Pt 4f and Ru 3p spectra of the

PtRu/graphene composite, respectively. The Pt 4f7/2 and 4f5/2

lines appear at the binding energies of 71.13 eV (Pt 4f7/2) and

74.30 eV (Pt 4f5/2). Compared to Pt/graphene, their positions

are shifted to lower binding energy due to ruthenium addition

[6]. Pt electronic modification by less or smaller electronega-

tive metal atoms originates from the strain experienced by

Pt atoms residing on top of atoms with a smaller Wagner-

Sweitz radius or partial charge transfer [45–49]. The other

two weaker doublets are assigned to Pt oxides (Fig. 8b). The
Pt 4f XPS spectrum of PtRu/graphene shows that Pt contains

80.8% of metallic Pt0, 10.0% of Pt2+ (as PtO or Pt(OH)2), and

9.2% of Pt4+ (as PtO2). The main Ru 3p3/2 peak is deconvoluted

into two distinguishable peaks at 462.45 and 465.29 eV, which

are attributed to Ru (0) and RuO2, respectively [50,51]. The cal-

culation shows that Ru contains 84.2% of metallic state Ru0,

while a much smaller fraction (about 15.8%) exists as RuO2.

Based on the bifunctional mechanism, more oxophilic metal

such as Ru covered by RuOH is the source of oxygen required

for removal of absorbed surface CO intermediate. As a result,

PtRu has excellent catalytic activity as compared to pure Pt

[52].

The Pt 4f, Ru 3p and Ni 2p XPS spectra of the PtRuNi/graph-

ene composite are shown in Fig. 8(d)–(f), respectively. Similar

to those of the PtRu/graphene composite, the most intense

doublet peaks are found at the binding energies of 70.97 eV

(Pt 4f7/2) and 74.21 eV (Pt 4f5/2). In comparison with the PtRu/

graphene composite, a notable XPS shift is observed in the

PtRuNi/graphene composite, consistent with greater differ-

ence in the electronegativity between Ni and Pt and that

between Ru and Pt [6]. The bond energy between Pt and COads

can be decreased due to electron transfer from Ni to Pt via

reduction of DOS at the Fermi level during methanol elec-

tro-oxidation [46]. This partly explains improved eletrocata-

lytic performance in the PtRuNi/graphene composite (see

electrocatalytic results). The deconvolution of the XPS spectra

of Pt 4f gives a phase composition of 76.0% of Pt in metallic

Pt0, 12.9% in PtO2, and 11.1% in PtO or Pt (OH)2. Based on the

Ru 3p spectrum, 67.7% of metallic Ru and 32.3% of RuO2 are

contained in the element Ru.

In the PtRuNi ternary nanoparticles, the Ni states consist

of Ni metal (Ni0) as well as Ni oxide and hydroxides (NiO,

Ni(OH)2, and NiOOH) as shown in Fig. 8(f) [6]. The peaks at

852.30, 853.84, 855.60 and 857.76 eV can be attributed to the

metallic Ni0, NiO, Ni(OH)2 and NiOOH with the contents of

22.5%, 23.3%, 14.8%, and 14.5%, respectively. As shown in

the XRD results, the metallic Ni atoms can interstitially insert

into the Pt lattice. The remarkable binding energy shift for Pt,

as identified by XPS, originates from the modification of elec-

tronic structure of platinum by electron transfer from Ni to Pt.

As a result, the Pt–CO bond energy is lowered, facilitating sur-

face CO removal and leading to improved activity of PtRuNi/

graphene for methanol electrooxidation (see CV results).

Moreover, it has been demonstrated that the nickel hydrox-

ides (NiOOH and Ni(OH)2) possess high proton and electron

conductivity, and capable of oxidizing methanol in acid or

alkaline solution [53]. The hydroxide layer is well protected

from corrosion under electrochemical conditions [6]. Mean-

while, Ni hydroxides can play a significant role in the shift

of Hads on Pt surface which leads to the so-called hydrogen

spillover effect [6,54].

Similar trend of Pt 4f peak shift is found in Pt/RGO, PtRu/

RGO and PtRuNi/RGO (data not shown). Fig. S3 shows the C

1s XPS spectra of GO and PtRuNi/RGO. The intensities of the

–C–OH (286.6 eV), –C–O–C–(287.4 eV) and –COOH (288.8 eV)

groups in the C 1s XPS spectrum of PtRuNi/RGO significantly

decrease as compared with the peaks of GO, indicating deox-

ygenation of GO [55].

To investigate the potential application of the composites

as effective electrocatalysts for methanol oxidation, the CV
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curves were obtained in a solution of 0.5 M H2SO4 and 1 M

CH3OH at 20 mV/s between 0 V and +1.0 V. As shown in

Fig. 9a and b (the CVs in 0.5 M H2SO4 in the absence of CH3OH

are shown in Fig. S4), each of the curves includes a similar
methanol oxidation peak at around 0.7–0.8 V during the posi-

tive potential excursion and another anodic peak during the

subsequent negative excursion associated with the removal

of incompletely oxidized carbonaceous species such as CO
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formed during the positive potential excursion. The calcu-

lated mass activities (Fig. 9a) of PtRuNi/graphene, PtRu/graph-

ene and Pt/graphene reach 1271.4, 872.9 and 468.6 mA/mg Pt.

By comparison, these activities are 13.8 times, 9.6 times and

5.4 times, respectively, as high as that of the commercial Pt/

C (91.9 mA/mg Pt). Further comparisons (Fig. 9b) indicate that

the activities of PtRuNi/graphene, PtRu/graphene and Pt/

graphene are at least twice as large as the corresponding

RGO-based counterparts (497.6 mA/mg Pt for PtRuNi/RGO,

327.4 mA/mg Pt for PtRu/RGO and 152.2 mA/mg for Pt/RGO)

and four times the corresponding homemade carbon black-

based counterparts (286.6 mA/mg Pt for PtRuNi/XC-72,

197.2 mA/mg Pt for PtRu/XC-72 and 107.8 mA/mg for Pt/XC-

72). These significant improvements are the result of uniform

distribution of metal nanoparticles on the 2D carbon mate-

rial, and the retained electrical conductivity of pristine graph-

ene. The addition of Ni also considerably enhances the

electrocatalytic performance towards methanol oxidation

(see the XPS analysis discussed above).

The pristine graphene with well-dispersed PtRuNi trime-

tallic nanoparticles shows exceptional electrocatalytic activ-

ity for methanol oxidation, much higher than those of the

state-of-art Pt-based nanomaterials such as PVP-modified

carbon nanofibers or carbon nanotubes (CNTs)-supported

PtRu nanoparticles (716.0 mA/mg Pt for nanofibers or

528.5 mA/mg Pt for CNTs) [56], CNTs/ionic liquid/PtRu hybrids

(242.3 mA/mg Pt) [57], CNT/Pt composite catalysts (164.0 mA/

mg Pt) [56,58], and polyaniline/Pt hybrid (45.9 mA/mg Pt)

[59]. For comparison, some recently reported state-of-art Pt

or Pt alloy electrocatalysts supported on graphene sheets (or

with CNTs) are listed in Table S2. There have been great

efforts on producing high performance heterostructure with

well-controlled dimensions, morphologies, and the effective

loading of Pt or alloy on graphene sheets [1]. But as demon-

strated in this study, the simple combination of pristine

graphene and PtRuNi trimetallic nanoparticles can far outper-

form any of the graphene-based Pt or Pt alloy reported in lit-

erature in terms of mass activity [16,60–63]. First, an

electronic conductive support can facilitate electron transfer

from a support to metal nanoparticles. The outstanding con-

ductivity of pristine graphene, therefore, would make crucial

contribution to the high electrocatalytic performance. On the

other hand, the electrochemical property is strongly affected

by the Pt or Pt alloy particle size and morphology. The optimal

average spherical particle size was determined to be 3 nm

that is responsible for the high methanol electro-oxidation

effect [46]. In the present work, the supercritical fluid method

enabled the growth of Pt-based nanoparticles with a spherical

morphology and an optimal size of around 3.0 nm. In addi-

tion, no halide ions and surfactants were involved in the

entire preparation process, ensuring a clean interface

between the metal nanoparticles and graphene [64]. These

factors further enhance the electrocatalytic activity of Pt-

based metal nanoparticles in the nanocomposites.

CA experiments were carried out at a potential of 0.60 V in

a solution of 0.5 M H2SO4 + 1.0 M CH3OH. The corresponding

current–time curves are shown in Fig. 10. The current density

of the samples decays with time for all catalysts due to forma-

tion of CO and other residual carbonaceous species on the

electrode surfaces. We observed the most rapid initial decay
in current density for carbon black-based Pt catalysts. But

for the PtRuNi/graphene catalyst, the loss of the current den-

sity is significantly smaller than those of other catalysts dur-

ing the initial period. Among all composites, PtRuNi/graphene

has the highest current density in the entire process, showing

its optimum electrocatalytic performance and stability for

methanol oxidation. The current decay of the RGO and Vulcan

XC-72 based composites exhibit the same trend as PtRuNi/

graphene < PtRu/graphene < Pt/graphene, showing the

enhanced catalytic stability for methanol oxidation by addi-

tion of Ni. It is noted that the current measured at 1 h at PtR-

uNi/graphene is more than one and half order of magnitude

higher than those obtained with commercial Pt/C, homemade

Pt/XC-72 and Pt/RGO.

The RGO-based composites exhibit poor stability since the

metal nanoparticles tend to agglomerate and unevenly dis-

tribute on RGO, thus suffering from more severe intermediate

carbonaceous species accumulation. Another possibility is

that the high density of graphene defects in the composites

can render the RGO-based catalysts to corrode easily and

hence become much less stable under harsh electrochemical

conditions. The enhanced stability of PtRuNi/graphene can be

ascribed partly to its unique few-layer graphene structure.

Once the outmost graphene layer is corroded, PtRuNi/graph-

ene with more graphene layers can retain its base graphitized

structure.

Electrochemical impedance spectroscopy was employed to

determine the charge transfer resistance (Rct) during the

methanol oxidation process. Fig. 11 shows the Nyquist plots

of the PtRuNi/RGO, Pt/graphene, PtRu/graphene and PtRuNi/

graphene catalysts obtained in a solution of 0.5 M

H2SO4 + 1.0 M CH3OH at a potential of �0.15 V (vs. Ag/AgCl).

The Nyquist plots of the samples contain a partially over-

lapped semicircle. The charge transfer resistance of the cata-

lysts can be measured by estimating the diameter of the

primary semicircle. Note that this is the only circuit element

with the physical parameter describing the rate of charge

transfer during the methanol oxidation reaction. The imped-

ance data were fitted by using the ZView software and equiv-

alent circuit [65]. The Rct values are 23.8 X, 26.7 X, 8.9 X and

4.8 X for PtRuNi/RGO, Pt/graphene, PtRu/graphene and PtR-

uNi/graphene, respectively. The charge transfer resistance in

graphene-based PtRuNi is much lower than that in PtRuNi/
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RGO. That is, the highly crystalline graphene lattice plays a

crucial role in promoting the electron transport [66]. The

decreasing Rct value for the graphene-based catalysts indi-

cates lowered reaction resistance of methanol electro-oxida-

tion and enhanced catalytic activity in the order of PtRuNi/

graphene > PtRu/graphene > Pt/graphene, consistent with

the previously reported carbon black-based hybrids [66].
4. Conclusion

Without any surfactant or functionalization, highly dispersed

Pt-based trimetallic nanoparticles were directly synthesized

on pristine graphene by a facile supercritical method. The

supercritical CO2 can wet graphene surfaces and uniformly

disperse the nanoparticles, which subsequently suppress

graphene restacking. The structural integrity and conductiv-

ity of graphene is well preserved in the supercritical CO2-

assisted process. Consequently, the graphene-based compos-

ites exhibit significantly enhanced electron transport,

improved stability and activity for methanol electrooxidation.

The high quality graphene-supported PtRuNi hybrid as an

electrocatalyst shows improved activity at least by one order

of magnitude in comparison to the commercial Pt/C and

homemade Pt/XC-72 catalysts, far outperforming the reduced

graphene oxide-based Pt or Pt alloy hybrids. The high perfor-

mance of graphene-based hybrids is found to be associated

with the retained intrinsic electrical conductivity of graphene,

which is critical for improving the electron transfer channels

at the interfaces of graphene, metal nanoparticles, and elec-

trolytes. These results show great potential of pristine graph-

ene as an ideal 2-D support for the development of high-

performance electrocatalysts.
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