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A three-dimensional interconnected graphene monolith was used

as an electrode support for pulsed electrochemical deposition of

platinum (Pt) nanoparticles. Pt nanoparticles with well-defined

morphology and small size can be obtained by controlling elec-

trodeposition potential and time. Electrochemical characterization

was carried out to examine the electrocatalytic activity of this

monolithic electrode towards methanol oxidation in acidic media.

The results show that the carbon material surface and structure

have a strong influence on the Pt particle size and morphology.

Compared with the three-dimensional scaffold of carbon fibers,

the three-dimensional graphene when used as a free-standing

electrode support resulted in much improved catalytic activity for

methanol oxidation in fuel cells due to its three-dimensionally

interconnected seamless porous structure, high surface area and

high conductivity.
1. Introduction

Graphene, a two-dimensional (2D) nanomaterial with a single sheet

of carbon atoms packed in a hexagonal lattice, has recently attracted

attention due to its fascinating properties, such as high surface area,

extraordinary conductivity due to high charge carrier mobility and

capacity and excellent mechanical strength.1–4 These unique proper-

ties make graphene a promising material for energy conversion and

storage applications.5–9 It is believed that developing macroscopic

three-dimensional (3D) architecture of graphene will further extend

its abilities towards these applications. There are many reports in the

literature on graphene powder as a catalyst support for fuel cells.10,11

Themethods of preparation of the Pt nanoparticles and alloys on the

graphene support have attracted much interest in view of superior

electrocatalytic activity for fuel cell applications.12,13However, similar

to conventional fuel cell electrodes, these materials still suffer from

insufficient Pt utilization due to the segregation by an insulating

PTFE binder in the real fuel cell electrode.
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Recently, a novel 3D interconnected graphene network has been

reported,14 which opens up a new promising way for the application

of graphene based materials. Exhibiting an open-pore honeycomb

structure, this 3D graphene has an exceptionally large void volume,

high surface area, high corrosion resistance and high electrical

conductivity. All these properties make it ideal as the electrode

support material for fuel cell applications. Firstly, high corrosion

resistance of the graphene material can significantly reduce the

support corrosion problem, which has been identified as one of the

main reasons for the quick performance loss of fuel cells.15 Secondly,

high electrical conductivity is essential for efficient electron conduc-

tion through the electrode. Compared to the powder form, the unique

monolithic nature can better maintain its conductivity by eliminating

junction resistance when used as an electrode. Thirdly, the high

surface area of the 3D graphene allows uniform and high loading of

catalysts (here, Pt nanoparticles). Lastly, the interconnected pores

may potentially offer low resistance to fluid flow and ensure efficient

mass transfer during fuel cell operation.

In this work, the free-standing 3D graphene was examined for the

first time as an electrode support for methanol oxidation and

compared with the free-standing carbon fiber (CF) material16 with

a similar three-dimensional structure. The present investigation

provides insights and demonstrates potentials of this material for

fuel cell applications. The 3D graphene electrode poses two major

challenges. The first one relates to synthesizing and uniformly depos-

iting nano-sized Pt electro-catalyst throughout the three-dimensional

matrix.The second challenge is the formationof theproton conductor

networkacross the three-dimensional electrodeconnecting the electro-

catalytic sites and theproton exchangemembrane.Toaddress the first

issue, pulse electrodeposition is adopted which ensures that all the

deposited Pt nanoparticles (NPs) are electrically accessible. Further-

more, pulse electrodeposition exhibits several advantages over direct

current electrodeposition in the control of particle size, uniform

distribution and strong adhesion of theNPs on the substrate.17–19The

second issue of protonic conductivity in the fuel cell electrode could be

addressed by employing a hydrophilic Nafion electrolyte.

Towards that end, deposition of Pt-NPs on the 3D monolithic

graphene architecture is designed and improved activity for methanol

oxidation is reported. The improved activity and stability of the

electrode were attributed to the unique 3D monolithic architecture

with outstanding conductivity and in the absence of junction resis-

tance, which leads to efficient electron conduction and mass

transport.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 (a) Photograph of 3D graphene foam and (b) typical Raman

spectra measured at different spots of 3D graphene foam reveal the

existence of single layer (1L) and few-layer (ML) domains.

Fig. 2 SEM images of the (a) 3D graphene support (b) carbon fiber

support (c) Pt/3 D-GN catalyst and (d) Pt/CF catalyst. Insets in (a) and

(d) are the enlarged pictures.
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2. Experimental

2.1 Synthesis of 3D graphene foams

The 3D graphene foams with continuous single and few-layer

graphenes were synthesized by chemical vapour deposition using

nickel foam as the template and ethanol as precursors.14,20 Typically,

nickel foams (0.5 mm in thickness, 320 g m�2 in areal density) were

cut into 2 � 2 cm and placed in a quartz tube furnace with temper-

ature gradually increased to 1000 �C under H2 (25 sccm) and Ar

(50 sccm) environment. After annealing for 10min to clean the nickel

surface, the ethanol vapour was introduced into the tube by H2/Ar

mixture gas at ambient pressure. 20 min later, the samples were

rapidly cooled to room temperature at a rate of�100 �Cmin�1. After

the growth process, the nickel substrates were etched away with HCl

(3 M) solution at 80 �C to obtain free-standing 3D graphene foams.

2.2 Electrochemical deposition

A pulse potential profile of 0 mV (500 ms)�1000 mV (200 ms)–0 mV

(500ms) (vs.Ag/AgCl/3MKCl) with different numbers of pulses was

applied for the Pt deposition. After electrodeposition of Pt particles

from the H2PtCl6 solution, the catalyst modified three-dimensional

graphene support (Pt/3D-graphene) was washed with de-ionized

water and then dried.

2.3 Characterization

The thickness and microstructure of the 3D graphene foams were

examined by a WITec CRM200 Confocal Raman spectrophotom-

eter (laser wavelength 488 nm). The morphology of the samples

was observed by a field-emission scanning electron microscope

(JEOL-JSM6700-FESEM). X-Ray diffraction (XRD) patterns were

collected with a Bruker D8 Advanced Diffractometer using Cu Ka

radiation.

2.4 Electrochemical measurements

The electrochemical properties of the free-standing 3D graphene

electrodeswere examined using anAutolabElectrochemicalWorking

Station in a three-electrode system in 0.5 M H2SO4 electrolyte

at room temperature. Pt gauze was used as the counter electrode,

Ag/AgCl as the reference electrode and 3D graphene as the work

electrode directly. Stable data were recorded after 20 cycles.

The potential range for cyclic voltammetry (CV) measurements was

�0.2 to +1.0 V at a scan rate of 50 mV s�1.

3. Results and discussion

3.1. Substrate characterization

Fig. 1a provides a photograph of the obtained free standing graphene

foam which is flexible and black. The monolithic and porous 3D

graphene architecture can be clearly observed in Fig. 1a and 2a. The

3D graphene was characterized by Raman spectroscopy, where

two characteristic peaks at �1560 cm�1 (G-band) and �2700 cm�1

(2D-band)21 are evident.

As revealed by the integrated intensity ratio of G and 2D bands

(IG/I2D) in the Raman spectrum, the 3D graphene exhibits single-

layer and few-layer domains (Fig. 1b).22 Because IG increases

monotonically with the increasing graphene thickness whereas I2D is
This journal is ª The Royal Society of Chemistry 2012
relatively stable, IG/I2D scales linearly with the number of graphene

layers (up to 4 layers).23

The Raman D-band (at �1350 cm�1) is originated from the

disordered carbon in graphene, and its intensity indicates the density

of defects in the as-grown graphene film.24 The extremely weak

D-band in the Raman spectra of the free-standing 3D graphene

(Fig. 1b) demonstrates the high quality of the obtained graphene.

Fig. 2a and b show the morphology of 3D graphene and carbon

fiber support (carbon paper). The inset in Fig. 2a shows the surface

morphology of 3Dgraphene at a highermagnification. SEManalyses

reveal that the carbon paper consists of overlapped crossed fibers

(Fig. 2b) and the diameter of the fibers is about 5 mm. Controlling the

size and dispersion of Pt NPs on 3D graphene is critical for their

application in fuel cells. In our study, the PtNPswith controllable size

and dispersion are achieved by controlling the pulse deposition in

aqueous solution. SEM analyses revealed that pulse deposition

(200 pulses) led to well defined spherical-type Pt particles uniformly

dispersedon the3Dgraphene surface, ranging from10 to30nmin size

(Fig. 2c). Control experiments by the conventional electrodeposition

technique in 1 mM H2PtCl6 + 1 M K2SO4 at �200 mV vs. SCE for
J. Mater. Chem., 2012, 22, 5286–5290 | 5287
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300secondswerealsoconducted.Thusconventionalelectrodeposition

leads to higher particle sizes of about 100–200 nm (ESI, Fig. S1†).

TEM images (ESI†, Fig. S2b) also confirm the Pt particles on 3D

graphene. The uniform and dense distribution of smaller platinum

particles on the 3D graphene electrode substrate desirably provides

abundant catalytic sites. As a result, high electro-catalytic activity was

obtained fromthemodified3Dgraphene electrode. Similar conditions

of electrodepositionwere employedalso for the carbonfiber electrode.

Fig. 2d shows a low-magnification SEM image of porous carbon

paper decorated with Pt NPs. A higher magnification SEM image

(Fig. 2d, inset) indicates that a large number ofNPs,with particle sizes

larger than30nm, cover thewhole surfaceof the carbonfiber. It is also

observed that the dispersion of Pt NPs is more uniform and denser in

Pt/3D-graphene than in Pt/CF presumably due to the surface flatness

of 3D-graphene compared to a highly curved surface of carbon fiber.

Therefore, 3D-graphene is proved to be a better catalyst support than

carbon fiber.

XRD analysis shown in Fig. 3 reveals that the prepared catalysts

exhibit a typical face-centered cubic (fcc) Pt lattice structure. The Pt/

3D-graphene catalyst shows a diffraction peak at �26�, confirming

that the graphitic nature of 3D-graphene is still maintained after the

catalyst preparation. In contrast, the XRD pattern of the Pt/CF

paper exhibits one broad peak centered at �25.6�, indicating the

amorphous nature. The average particle sizes of Pt/3D-graphene and

Pt/CF, calculated from the (1 1 1) peak using the Debye–Scherrer

equation, are 7.89 and 13.6 nm, respectively. The particle sizes

observed by SEM are larger than those estimated from XRD,

implying that the agglomerates comprise much smaller particles,

particularly in the case of carbon fiber.

3.2. Intrinsic activity of Pt NPs for methanol electro-oxidation

Fig. 4a shows the cyclic voltammogram of both catalytic substrates in

nitrogen purged 0.5 M H2SO4. Pt/3D-graphene exhibits larger

double-layer capacitance than Pt/CF, reflecting that the electro-

chemically active surface area of 3D-graphene is significantly larger

than that of carbon fiber (Fig. 4a). In addition, the electrochemically

active Pt area, determined by integrating the hydrogen adsorption

area, is found to be 58% higher for Pt/3D-graphene than for Pt/CF.

The larger Pt area in Pt/3D-graphene is ascribed to better dispersion

of Pt on 3D-graphene, which is confirmed by the SEM analysis.
Fig. 3 XRD patterns of Pt/3 D-GN and Pt/CF catalysts.

5288 | J. Mater. Chem., 2012, 22, 5286–5290
To evaluate the electro-catalytic activity of Pt/3D-graphene

towards methanol electro-oxidation, cyclic voltammograms were

recorded in a nitrogen purged solution of 0.5 M H2SO4 containing

1 M CH3OH at a scan rate of 50 mV s�1 and the current reported

was normalized by the Pt active surface area. On the forward

potential sweep (Fig. 4b), the current increased slowly at lower

potentials, and then quickly increased at potentials higher than 0.5

V. These features of the voltammogram, which are similar to those

of the Pt metal, suggest that the well dispersed Pt NPs on the 3D

graphene are electrochemically active.25 The magnitude of the peak

current density is directly proportional to the amount of methanol

oxidized at the electrode. The peak current density of the forward

anodic peaks (If) observed with 3D-graphene is approximately

1.6 mA cm�2, nearly two times the peak current density of the

carbon fiber (0.8 mA cm�2); this result suggests that 3D-graphene

plays a critical role in promoting methanol oxidation of Pt NPs. The

current density of commercial Pt/C26 catalysts is 1.39 mA cm�2

which is lower than the 3D graphene catalysts. The ratio of the

forward anodic peak current density (If) to the reverse anodic peak

current density (Ib) can be used to describe the tolerance of Pt

catalysts to CO and other carbonaceous species. The If/Ib ratio for

commercial Pt/C is about 0.80. The reported value of the If/Ib ratio

of commercial E-TEK catalyst is �1 (ref. 27–30) and three-dimen-

sional Pt-on-Pd bimetallic nanodendrites supported on graphene

nanosheets is 1.25 (ref. 31). In the present study, the carbon fiber-

supported Pt NPs have a similar If/Ib ratio as the E-TEK catalyst.

The 3D graphene-supported Pt NPs have a ratio of 2.25, suggesting

that graphene-supported Pt NPs generate a more complete oxida-

tion of methanol to carbon dioxide. Taken together, the highly

conductive Pt/3D-graphene electrode with smaller Pt NPs sizes and

better dispersion of NPs exhibits superior intrinsic activity for

methanol electro-oxidation.

Chronoamperometric measurements of Pt/3D-graphene and

Pt/CF are shown in Fig. 5, which reflect the activity and stability

of the catalyst to catalyse methanol. Under a given potential of 0.6 V,

Pt/3D-graphene shows a higher initial current and a slower decay of

the peak current with time, suggesting a better catalytic activity and

stability than Pt/CF.

High catalytic efficiency for 3D graphene-supported Pt was

achieved due to themaximization of the three-phase boundary (TPB)

in the electrode by depositing PtNPs on the outermost surface area of

an established porous network. In our method, a free-standing 3D

graphene was constructed; Pt NPs were then electro-deposited on the

3D graphene in a liquid solution. Only those sites that are electrolyte

accessible and electron accessible can have the deposition of Pt NPs.

The advantages of a catalytic electrode made with this 3D graphene

include: (1) its uniquemonolithic network structure offers continuous

and multiplexing pathways for electron conduction; (2) Pt NPs are

electrodeposited on the most efficient contact zones with guaranteed

electronic and electrolytic pathways in the 3D graphene; (3) the open

vacancies (pores) mostly in the meso- to macro-size range can be

effectively covered by Nafion electrolytes, which facilitates the

maximization of the three-phase boundary where the electrochemical

reaction takes place; (4) the high porosity of 3D graphene also

benefits the mass transfer process within the catalyst layer resulting in

further improvement for Pt utilization; and (5) the Pt/3D-graphene

electrode also showed higher stability and higher conductivity.

Combining these advantages, a much improved performance for

methanol oxidation is achieved.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 (a) Cyclic voltammograms of Pt/3D-graphene and Pt/CF catalysts in H2SO4 (scan rate: 50 mV s�1) and (b) in a mixture solution of 0.5 MH2SO4

and 1 M CH3OH (scan rate: 50 mV s�1).

Fig. 5 Chronoamperometric curves at 0.6 V for 3600 s of (a) Pt/3D-

graphene and (b) Pt/CF electro-catalysts in 0.5 M H2SO4/1 M CH3OH

solutions at 25 �C.
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One additional benefit of this 3D graphene is its much lighter

weight compared to the similar sized carbon fiber. This could be

advantageous for applications where the system weight is a critical

parameter.
Conclusions

Platinum nanoparticles deposited on 3D graphene and carbon fiber

scaffold by the pulse electrodeposition method exhibit different

catalytic activity towards methanol oxidation. This difference in

catalytic activity can be attributed to the geometry difference of these

carbonaceous supports. The enhancement in the Pt/3D-graphene

catalyst is attributed to the superior electrical conductivity, large

surface area and efficient mass transport, and dense coating of small

platinum nanoparticles. Detailed electrochemical characterization

shows the 3D graphene structure as a new kind of supporting

material with higher catalytic activity and stability for methanol

oxidation. The present approach can be readily extended by deco-

rating free-standing 3D graphene with nanoparticles of other noble
This journal is ª The Royal Society of Chemistry 2012
metals and their alloys for various electro-catalysis applications or

electrochemical sensors.
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