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Abstract Reticulated vitreous carbon (RVC, 39 pores per

cm), uncompressed graphite felt (UGF) and Ti mesh were

investigated as 3-D anode catalyst supports for direct liquid

methanol fuel cells with the aim of improving the catalyst

mass specific activity. Mesoporous Pt–Ru layers composed

of nano-particle agglomerates were electrodeposited on the

3-D substrates using a micellar deposition media composed

of Triton X-100, isopropanol, and an aqueous phase con-

taining H2PtCl6 and (NH4)2RuCl6. The effect of deposition

current density, support type, and counter electrode design

on the catalyst layer morphology, mass loading and ele-

mental composition is discussed. In direct methanol fuel

cell experiments using 1 M CH3OH—0.5 M H2SO4 the 3-

D anodes with PtRu load between 2.8 g m–2 (on Ti mesh)

and 12.0 g m–2 (on RVC) and Pt:Ru atomic ratio of about

4:1 provided peak power outputs based on catalyst mass of

50.4 W g–1 and 40.5 W g–1, respectively, at 333 K. The

mass specific activity of the catalyst supported on the 3-D

matrix is determined by the synergy between catalyst

deposition procedure and support physico-chemical

properties.

Keywords Electrocatalysts � Methanol

electro-oxidation � Electrodeposition �
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1 Introduction

The direct methanol fuel cell (DMFC) has attracted much

research attention over the past two decades due to its high

theoretical energy density (4.8 kWh l–1) and potential

suitability as power source for both automotive transpor-

tation and portable electronic devices as a consequence of

simpler, liquid-based, fuelling infrastructure [1]. However,

the sluggish CH3OH electro-oxidation kinetics coupled

with catalytic activity loss over time due mainly to the

accumulation of the CO intermediate on the Pt catalyst

surface (e.g. the reaction rate decreases by a factor of four

to five during the first 100 ms of reaction [2]) remains a

major challenge even after four decades of methanol

electro-oxidation research, hampering the commercializa-

tion of the DMFC. PtRu catalysts acting most likely by a

combination of bifunctional mechanism and electronic

coordination effect, with optimal Pt:Ru atomic ratios

between 1:1 and 4:1 (depending on temperature, electrode

potential and CH3OH concentration), show lower suscep-

tibility for CO poisoning and higher CH3OH oxidation

rates at low anode potentials (e.g. below 0.6 V vs. SHE).

Moreover, PtRu catalysts enhance the complete 6 e– elec-

tro-oxidation rate compared to pure Pt.

The area of CH3OH electro-oxidation kinetics and

catalysis has been extensively discussed [3–6]. The slow

anode kinetics causing a low CH3OH conversion per pass

in the thin catalyst layer (thickness about 20 lm) of the gas

diffusion electrode contributes indirectly to the enhanced

CH3OH diffusion across the solid polymer electrolyte,

which in turn compromises the cathode performance by

establishment of a mixed potential on the cathode surface

[7, 8].

In addition to fundamental electrocatalytic aspects and

development of improved electrocatalyst formulations (e.g.
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ternary and quaternary compositions such as Pt–Ru–Rh–Ni

[9], Pt–Ru–Os–Ir [10]) the synergy between the catalyst

layer and the overall anode structure (e.g. presence and/or

type of support, catalyst-support interaction, ionic conduc-

tor load, hydrophobic-hydrophilic pore balance) has a

significant impact on the fuel cell performance-catalyst load

(i.e. cost) relationship. The utilization of the catalyst load in

a typical membrane-gas diffusion electrode assembly,

defined as the ratio between the effective electrochemically

available surface area and the total catalyst surface area, is

between 10 and 50% [11] and it could further diminish

during extended fuel cell operation. Furthermore, the

counter-current two-phase (L: CH3OH and H2O; G: CO2)

flow in the porous electrode affects the diffusion overpo-

tential and the effective ionic conductivity [12].

Whilst numerous studies have been devoted to under-

standing and improving the electrocatalysis of CH3OH

oxidation, the engineering of both the catalyst layer and the

overall anode structure has received much less attention.

The vast majority of DMFC experiments have been carried

out with gas diffusion type anodes comprising of carbon

cloth or paper diffusion-backing layer and carbon-black

supported catalyst layer containing Nafion ionic conductor.

Mastragostino et al. showed the importance of optimizing

the anode catalyst layer composition for DMFCs with

respect to Nafion load and type of carbon support together

with their combined effect on the electrochemically

available surface area [13]. Utilizing carbon nanocoil

supported PtRu (1:1) catalyst promising DMFC results

were obtained by Hyeon et al. with a load of 20 g m–2 (e.g.

peak power density of 2300 W m–2 was achieved at

333 K) [14].

Wilkinson et al. recognized the importance of the anode

design in reducing the methanol crossover, and they pat-

ented the multi-layer anode concept [15]. Three sheets of

carbon fiber paper (thickness 100 lm) with PtRu supported

on carbon black applied onto them (total load of 18 g m–2)

were stacked to give a multi-layer DMFC anode.

Employing a constant volume of 250 mL 2 M CH3OH-

0.5 M H2SO4 they found that the methanol utilization

increased from 60 to 80% with the multi-layer anode

compared to a single-layer electrode. Recently, Gyenge

and collaborators proposed three-dimensional monolithic

carbon-based electrodes of about 200 to 2,000 lm thick-

ness, as direct alcohol fuel cell anodes [16–18]. The

three-dimensional matrix supporting well-dispersed elect-

rocatalysts with various morphologies such as discreet

nano-particles or thin mesoporous coatings (pore diameter

between 2 and 50 nm according to IUPAC nomenclature

[19]) could assure an extended reaction zone for CH3OH

oxidation compared to the gas diffusion design providing

an ionic (i.e. H3O+) conductor network is established to

link the catalytically active sites and the proton exchange

membrane. Both the multi-layer and the three-dimensional

anode concepts are similar since they provide an extended

reaction zone (volume) for the electrochemical reaction.

However, the monolithic three-dimensional electrode

eliminates the possible contact resistance between the

individual layers.

Structural differences and surface physico-chemical

properties of the three-dimensional electrode matrices such

as various graphite felts and reticulated vitreous carbons,

could improve the two-phase (L/G) flow dynamics. Three-

dimensional electrodes can accommodate a wide range of

L/G flow regimes [20] as opposed to the gas diffusion

electrode, which operates best in the gas continuous regime

and therefore, is susceptible to flooding. These issues

would gain significance with scale-up of DMFC (e.g. to

geometric electrode areas of 25–100 cm2) and large stack

development.

The three-dimensional electrode concept poses two

major challenges. The first one relates to synthesizing and

uniformly depositing nano-sized electrocatalyst throughout

the thickness of the three-dimensional matrix. The second

challenge is the formation of the proton conductor network

across the three-dimensional electrode connecting the

electrocatalytic sites and the PEM membrane, as discussed

also by Wilkinson et al. [15].

In order to address the first challenge, the goal of the

present investigation was to study the electrodeposition of

Pt–Ru nanostructures on different three-dimensional elec-

trodes, namely, reticulated vitreous carbon (RVC),

uncompressed graphite felt (UGF) and Ti mesh, using

colloidal deposition media to control the crystallite size

[17]. Furthermore, the larger aim of this study was to

determine the applicability of the various three-dimen-

sional substrates as DMFC anodes by a combination of

fundamental electrochemical and surface analytical tech-

niques in conjunction with fuel cell experiments. The issue

of protonic conductivity in the fuel cell anode was

addressed by employing a liquid electrolyte, 0.5 M

H2SO4—1 M CH3OH solution. While the liquid electrolyte

serves the purpose of demonstrating the concept of three-

dimensional fuel cell electrodes, further studies are

required to investigate the possibility of forming a solid

electrolyte network with sufficient protonic conductivity

across the thickness of the extended reaction zone anode.

2 Experimental section

2.1 Three-dimensional catalyst supports and their

pretreatment

The three-dimensional electrodes employed in the present

work were: reticulated vitreous carbon (RVC, Electrolytica
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Inc., 39 pores per centimeter, thickness 2 · 10–3 m),

uncompressed graphite felt (UGF, Test Solutions, thickness

3 · 10–3 m) and Ti mesh (VWR Canlab, 2 · 10–4 m).

Figure 1 shows the SEM images of the electrode surfaces.

We have shown previously the importance of RVC

pretreatment for nanostructure electrodeposition [17].

Table 1 summarizes the pretreatment methods applied for

the different supports. The electrochemical pretreatment

method involved potential cycling of the RVC between

1.44 and 2.09 V versus SHE in concentrated H2SO4 solu-

tion (see Table 1) at a scan rate of 1 mV s–1 repeated 50

times [17]. The electrochemical pretreatment could not be

carried out on UGF due to severe weakening of the phys-

ical integrity of the material. Therefore, the only

pretreatment applied to the felt electrode was sonication in

methanol for 30 min. The pretreatment method for Ti mesh

involved etching in boiling HCl for 30 s to remove the

well-adhered surface oxide layer [21]. Upon pretreatment,

all samples (5 · 10–4 m2 geometric area) were washed

thoroughly with distilled water followed by drying in air.

2.2 Electrodeposition procedure

Two colloidal electrodeposition media were investigated

and compared, a novel micellar solution and a micro-

emulsion system discussed previously [17]. The micellar

deposition solution was composed of Triton X-100 non-

ionic surfactant [C8H17C6H4O(C2H4O)9.5H], iso-propanol,

and an aqueous phase with various concentrations of

H2PtCl6 and (NH4)2RuCl6. A typical deposition bath had

the following composition: 5 vol.% Triton X-100,

20 vol.% iso-propanol, and 75 vol.% aqueous phase with

H2PtCl6 and (NH4)2RuCl6. The concentration of the Pt and

Ru compounds was of 2.5 · 10–4 M each in the total col-

loidal solution. In Sect. 3.1 further details are given

regarding the role of isopropanol and a comparison is made

with the microemulsion and pure aqueous deposition

media. The chemicals used were reagent grade obtained

from Sigma-Aldrich and were used as delivered without

further purification processes. The micellar solutions were

prepared by mixing the aqueous and surfactant phases in a

water-jacketed glass vessel connected to a circulating water

bath at 341 K for 30 min.

The electrode assembly composed of the working

electrode (geometric area of 5 · 10–4 m2) placed at a dis-

tance of 10–2 m between two Pt/Ti counter electrodes

(5 · 10–4 m2 geometric area each) was inserted into the

glass vessel and connected to a dc power supply (Xantrex

XHR150-7 DC Power Supply, 0–150 V, 0–7 A) to carry

out the electrodeposition.

Fig. 1 SEM images of (a)

RVC, (b) UGF, and (c) Ti mesh

surfaces

Table 1 Substrate pretreatment methods

Substrate Electrochemical

cycling in concentrated

sulfuric acid

Sonication

in methanol

Etching in

boiling

hydrochloric

acid

RVC + – –

UGF – + –

Ti Mesh – – +

J Appl Electrochem (2008) 38:51–62 53

123



After the deposition experiment was completed, the

working electrode was sonicated in tetrahydrofuran (THF)

(Reagent Grade, Sigma Aldrich) for 5 min to wash out the

organic compounds retained in the porous matrix. The

deposited substrate was then washed thoroughly with dis-

tilled water and dried, followed by heat treatment in a N2

stream for 1 h at 573 K to remove traces of adsorbed

organic compounds [17].

2.3 Electrochemical measurements

Voltammetry (CV) was carried out at 298 K, with a three-

electrode setup, in a water-jacketed electrochemical cell

connected to a circulating water bath. The test solution was

1.0 M CH3OH and 0.5 M H2SO4 with a volume of 50 mL.

The Hg/Hg2SO4, K2SO4, std. (MSE) electrode and a plati-

num wire were used as reference and counter electrodes,

respectively. A computer-controlled VoltaLab PGZ402

potentiostat with the VoltaMaster 4 software by Radiom-

eter Analytical was used in the experiments. All potentials

in the present work are reported against the standard

hydrogen electrode (SHE) reference.

The catalyst surface was chemically and electrochemi-

cally pre-treated to remove surface impurities. The

chemical pretreatment involved the immersion of the

working electrodes in a 1:1 v/v. concentrated H2SO4 and

30 vol.% H2O2 (Fisher Scientific) solution five times for a

few seconds each, and rinsed thoroughly with distilled

water. Following the chemical pretreatment, the working

electrodes were cleaned three times in 0.5 M H2SO4 by

applying potential steps for 10 s each at 1.28, 1.20 and

0.05 V, respectively.

The effective electrochemically active PtRu surface area

was estimated by the Cu underpotential deposition and

anodic stripping technique [17, 22]. In our previous

investigations we found that Cu does not underpotentially

deposit on vitreous carbon [17]. Therefore, assuming

complete Cu monolayer coverage on the Pt and Ru sites,

the effective surface area can be calculated from the anodic

stripping charge (i.e. 4.2 C m–2).

Reference voltammograms in the range –0.04 to 0.91 V

were first obtained in 0.5 M H2SO4 at a scan rate of

50 mV s–1. The Cu UPD experiments were carried out in

0.5 M H2SO4 and 2 mM CuSO4 at 298 K. The underpo-

tential deposited Cu monolayer was formed on the catalyst

surface by polarizing the working electrodes at 0.26 V for

300 s. Afterwards, a linear voltammetric scan in the anodic

direction was applied between 0.26 and 0.91 V with a scan

rate of 50 mV s–1 to remove the adsorbed copper mono-

layer. The charge differences in the same potential range

between the reference scan and Cu stripping were used to

calculate the active surface area.

2.4 Surface and analytical characterization

of the catalysts

Hitachi S4700 high resolution scanning electron micro-

scope (SEM) was used to capture visual images of the

prepared catalysts. Fragments of the deposited substrates

were flush mounted onto SEM stubs with carbon adhesive.

An accelerating voltage and emission current of 2,000 V

and 1.25 · 107 A, respectively, were employed at a

working distance of 0.0025–0.0035 m to obtain the images.

Inductively coupled plasma atomic emission spectroscopy

(ICP-AES) using a Perkin Elmer Optima, model 3300DV

instrument, was used to determine the mass loading of the

electrodeposits.

2.5 Membrane electrode assembly and fuel cell

experiments

The membrane electrode assembly (MEA) was prepared

with a half MEA (cathode, Fideris Inc., Nafion1 117

membrane) with 40 g m–2 of pre-painted Pt black and the

3-D anode (5 · 10–4 m2). The DMFC was assembled with

two gold-plated end plates, an Elat1 carbon cloth (E-Tek

Inc.) as the cathode backing layer, the custom MEA with

the 3-D anode, a silicone-coated gasket, and a carbon cloth

as the anode backing layer. The DMFC was held together

by insulated bolts.

The fuel cell tests were performed using a Fideris Inc.

MTK fuel cell test station, equipped with corrosion-resis-

tant fittings and operated using the FC Power1 software.

The fuel cell tests were carried out at 333 K with an

oxygen flow rate of 500 mL min–1 at 2.5 bar absolute

pressure. Dry medical grade oxygen was used as supplied

by Praxair Inc. The anode was fed with a solution of 0.5 M

H2SO4 and 1 M CH3OH at 2 mL min–1 full recycle. With

the flow system and temperature control turned on at open

circuit, membrane conditioning was performed for 2 h.

This step assured a stable and reproducible operation of the

cell. Current was then progressively drawn and the cell

voltage was recorded after 2 min of continuous operation

at constant current

3 Results and discussion

3.1 Electrodeposition from micellar solution versus

microemulsion: RVC support

In our previous work a microemulsion media was investi-

gated for the galvanostatic electrodeposition of PtRu on

RVC. The microemulsion was composed of 72 vol.%

cyclohexane (with 10–3 M tetrabutylammonium

54 J Appl Electrochem (2008) 38:51–62

123



perchlorate), 25 vol.% mixture of Triton X-100 and iso-

propanol in 1:4 volume ratio, and 3 vol.% aqueous phase

with 0.01 M H2PtCl6 and (NH4)2RuCl6 [17]. The galva-

nostatic deposition mode was chosen instead of the

controlled potential variant, for superior industrial appli-

cability. Moreover, the constant deposition current density

could also assure better reproducibility of the catalyst mass

load throughout the three-dimensional electrode structure.

Due to the very low ionic conductivity of the microemul-

sion (i.e. 2 · 10–5 S m–1) the deposition current density

was limited to 10 A m–2, generating a PtRu load on RVC

of 2.3 g m–2 in 234 min at 341 K. The Pt:Ru atomic ratio

was 1.3:1. Comparative PtRu electrodeposition in an

aqueous solution carried out under identical conditions of

surface pretreatment, deposition current density, tempera-

ture and time, yielded a Pt rich catalyst (Pt:Ru atomic ratio

of 15:1) with much lower catalyst load (i.e.1 g m–2) and

mass specific surface area (24 vs. 40 m2 g–1) [17]. Thus,

the presence of a colloidal system and a surfactant in

particular are essential to control the catalyst load and

composition (Pt:Ru ratio) on the three-dimensional sub-

strate as it was also conclusively demonstrated in previous

work from this group [16].

The goal here was to simplify the colloidal electrode-

position bath composition while further improving the

electrocatalytic activity by affecting the catalyst morpholgy

and Pt:Ru ratio. Therefore, a new deposition bath was

developed without the presence of cyclohexane, the

majority component in the previously employed micro-

emulsion system. The non-ionic surfactant Triton X-100

and isopropanol were retained in order to create a micellar

deposition media containing aqueous H2PtCl6 and

(NH4)2RuCl6. Teh et al. reported that isopropanol elimi-

nates the possible formation of liquid crystal gel in the

Triton X-100/aqueous system, forming a micellar solution

instead [23, 24]. The hydrodynamic radius of the micelles

decreased by the addition of isopropanol and further

decrease was observed with increased temperature at iso-

propanol concentration of 14 to 26 wt.%. For example, the

hydrodynamic radius at 293 K decreased from 4.13 nm

(0 wt.% isopropanol) to 1.95 nm (26 wt.%). At 298 K and

26 wt.% isopropanol, the hydrodynamic radius was

1.74 nm [23, 24].

In our current study, the micellar system was composed

of 75 vol.% aqueous phase and 25 vol.% Triton X-100/

isopropanol in a 1:4 volume ratio. The weight percentages

were: 6 wt.% Triton X-100 and 17 wt.% isopropanol.

Comparative galvanostatic electrodeposition experi-

ments were performed in the two media, i.e. microemulsion

and micellar, with 2.5 · 10–4 M H2PtCl6 and (NH4)2RuCl6
each. The deposition superficial current density was

10 A m–2, applied continuously for 240 min at a constant

temperature of 341 K. Table 2 shows the PtRu

characteristics obtained, while Fig. 2 compares the elect-

rocatalytic activity toward methanol oxidation by

voltammetry.

The methanol electro-oxidation superficial current den-

sity on PtRu/RVC at 298 K was higher for the catalyst

prepared by electrodeposition from micellar media com-

pared to microemulsion (Fig. 2). This result is interesting

considering the lower catalyst load obtained using the

micellar media (1.5 g m–2) and the approximately identical

specific surface area of the two catalysts (Table 2). High

resolution SEM showed (Fig. 3) that the micellar solution

produced a more porous, interconnected open cell deposit

morphology compared to the denser particulate-like struc-

ture due to microemulsion. However, these apparent

morphological differences were not reflected in the mea-

sured specific surface area by the Cu UPD technique.

Changing the phase structure of the electrodeposition

media affected not only the deposit load and morphology

but also the Pt:Ru atomic ratio (Table 2).The micellar

system produced a catalyst with high Pt:Ru atomic ratio

7.3:1, whilst the microemulsion favored more the Ru

deposition generating a Pt:Ru ratio of 1.3:1. This could

explain the differences in electrocatalytic activity observed

by voltammetry at 298 K (Fig. 2). The optimal Pt:Ru ratio

Table 2 Electrodeposition of PtRu on RVC from colloidal media:

comparison between micellar and microemulsion methods. Electro-

deposition conditions: 10 A m–2, 240 min, 341 K, flat plate counter

electrodes

Deposition media Mass loading

(g m–2)

Bulk Pt:Ru

atomic ratio

Specific surface

area (m2 g–1)

Microemulsion 2.3 1.3:1 40

Micellar 1.5 7.3:1 46

Fig. 2 Voltammograms of methanol electro-oxidation using PtRu

electrodeposited on RVC: Effect of colloidal electrodeposition

media.1 M CH3OH and 0.5 M H2SO4. Temperature: 298 K. Scan

rate: 5 mV s–1
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is a long-standing issue in the methanol electro-oxidation

literature. Gasteiger et al. found using ultra-high vacuum

experiments on sputter-cleaned alloys, that surfaces with

7–10 at.% Ru are the most active at room temperature,

with a shift to 50 at.% Ru at high temperatures (e.g. 333 K)

due to a change in the rate determining step from adsorp-

tion/dehydrogenation of CH3OH to oxidation of COads

[25–27]. Therefore, the capability to easily control the

Pt:Ru ratio by adjusting certain variables of the catalyst

preparation procedure (such as solution composition,

deposition current density, temperature and electrode

geometry) is of paramount significance. Further experi-

ments were carried out using the micellar deposition media

aimed at controlling both the catalyst load and the Pt:Ru

atomic ratio.

3.2 PtRu electrodeposition on RVC using the micellar

media: effect of perforated counter electrodes

and deposition current density

During electrodeposition significant O2 gas evolution

occurs on the counter electrodes. The inefficient release of

gas bubbles from the cell decreases the effective conduc-

tivity and therefore, alters the potential distribution which

impacts the deposit characteristics such as load, morphol-

ogy and penetration throughout the three-dimensional

matrix. In order to improve the gas disengagement on the

counter electrodes, perforated Pt/Ti plates were employed

with 10 holes per cm2 and hole dimension of about 3 mm2.

For a deposition superficial current density of 10 A m–2

applied for 240 min at 341 K, the perforated counter

electrode design yielded on the RVC substrate a three fold

increase of Pt:Ru mass loading from 1.5 to 4.6 g m–2

(Table 3). The Pt:Ru ratio in the deposit was found to be

7.2:1, virtually identical to the catalyst sample produced

without the use of perforated counter electrodes. Moreover,

the catalyst morphology remained the same as shown by

SEM imaging (compare Figs. 4a and 3b). However, the

specific surface area decreased to 29 m2 g–1 indicating the

build up of a thicker film.

The catalyst produced with perforated counter

electrodes showed enhanced activity toward CH3OH

electro-oxidation compared to the one obtained using un-

perforated, flat, counter electrodes (Fig. 5 curves A and B).

This is likely due to the higher catalyst surface area

enhancement factor as (defined as the total catalyst surface

area per geometric area of the substrate, Eq. 1), i.e.

133 m2 m–2 versus 69 m2 m–2 for the catalysts produced

with perforated versus flat counter electrodes, respectively.

as ¼ am � mc; ð1Þ

where as is the area enhancement factor defines as the total

catalyst area per geometric area of the substrate (electrode)

(m2
total m–2

geom), am is the mass specific catalyst surface area

(m2
total g–1) and mc is the catalyst load (g m–2

geom).

The application of higher deposition current density (20,

40, and 60 A m–2 vs. 10 A m–2), which was permitted by

the high ionic conductivity of the micellar solution and

more effective gas release due to the perforated counter

Fig. 3 SEM images of

electrodeposited PtRu on RVC

prepared with microemulsion

and micellar solution. (a)

Microemulsion; (b) Micellar

solution

Table 3 Effect of perforated

counter electrodes on the

electrodeposition of PtRu from

micellar solution on various

three-dimensional substrates.

Temperature 341 K

Substrate Deposition current den-

sity (A m–2)

Time

(min)

Mass loading

(g m–2)

Bulk Pt:Ru

atomic ratio

Specific surface area

(m2 g–1)

RVC 10 240 4.6 7.2:1 29

RVC 20 120 12.0 3.6:1 12

RVC 40 60 8.7 4.4:1 16

RVC 60 40 4.9 3.5:1 25

UGF 20 120 9.8 4.0:1 36

Ti mesh 20 120 2.8 4.5:1 32
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electrode, was found to have significant effects on the

catalyst morphology, total load and Pt:Ru ratio (Table 3).

Interestingly, whilst the total charge applied during depo-

sition remained the same, the deposit mass load on RVC

changed with superficial current density, up to 12 g m–2 at

20 A m–2 and the Pt:Ru atomic ratio decreased to 3.5:1 at

60 A m–2 (Table 3). Therefore, the higher current density

favored the electrodeposition of Ru from the micellar

solution. However, the Pt:Ru atomic ratio leveled off to

*4:1 and a further increase in current density above

20 A m–2 did not have a significant impact on the Ru

deposition. The surface area enhancement factor (Eq. 1) on

RVC was the highest for the catalyst prepared at 20 A m–2

compared to the 10 A m–2 case, i.e. 144 m2 m–2 versus

133 m2 m–2, respectively. The deposit morphology at

20 A m–2 was characterized by a mesoporous structure

(pore diameter equal or less than 50 nm), formed by

interconnected nanoparticles of approximately 10–20 nm

diameter (Fig. 4b). At 40 A m–2, the mesoporous structure

began to disappear and completely vanished at 60 A m–2.

The resulting morphology was a rough catalyst coating

made up of particles of 20–50 nm diameter (Fig. 4c and d).

Figure 5 shows the catalyst prepared at 20 A m–2 using

perforated counter-electrodes gave the highest anodic cur-

rent densities at 298 K for 1 M CH3OH oxidation in 0.5 M

H2SO4. This result is in accordance with the surface area

enhancement factor, however, the contribution of the dif-

ferent Pt:Ru atomic ratio cannot be disregarded (Table 3).

3.3 Effect of catalyst support

Micellar electrodeposition of PtRu was carried out on

RVC, UGF and Ti Mesh supports. The experiments were

carried out at 341 K with a deposition superficial current

density and time of 20 A m–2 and 120 min, respectively.

The mass loading, Pt:Ru ratio, and specific surface area

(determined by Cu UPD and stripping) of the catalysts

prepared on the different substrates are presented in

Table 3.

The highest mass loading was obtained with the RVC

support 12 g m–2, which was attributed to the large number

Fig. 4 SEM images of

electrodeposited PtRu on RVC

prepared from micellar solution

with perforated counter

electrodes at 341 K. Effect of

deposition current density (a)

10 A m–2; (b) 20 A m–2; (c)

40 A m–2; (d) 60 A m–2

Fig. 5 Voltammograms of methanol electro-oxidation using PtRu

electrodeposited on RVC. Effect of electrodeposition conditions:

counter electrode type and superficial current density. 1 M CH3OH

and 0.5 M H2SO4. Temperature: 298 K. Scan rate: 5 mV s–1
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of deposition sites created by the electrochemical cycling

pretreatment method as shown previously [17]. On graphite

felt the load was lower, 9.8 g m–2, since surface pretreat-

ment could not be carried out due to a loss of mechanical

integrity. The load on Ti mesh was only 2.8 g m–2 due

probably to incomplete removal of the non-conductive

surface oxide layer and/or incomplete wetting of the sur-

face by the micellar media.

The morphology of the deposits on all three supports

could be characterized as mesoporous coating composed of

nanoparticle agglomerates (Fig. 6). The highest catalyst

surface area enhancement factor was obtained in the case

of UGF (i.e. 352.8 m2 m–2 compared to 144 m2 m–2 for

RVC and 89.6 m2 m–2 for Ti mesh). The Pt:Ru ratio varied

only slightly with deposition substrate type, in the range of

3.5:1 to 4.5:1 (Table 3).

Interestingly, voltammetric experiments carried out at

298 K revealed the highest CH3OH electro-oxidation

superficial current density for to the RVC supported cata-

lyst, followed by UGF, and lastly Ti mesh (Fig. 7). Thus,

the order of electrocatalytic activity between RVC and

UGF did not follow the catalyst surface area enhancement

factor as. This indicates that there must be more subtle

differences between the PtRu catalysts supported on RVC

and UGF, respectively.

In order to demonstrate differences between the PtRu/

RVC and PtRu/UGF systems, we express the superficial

current density for methanol oxidation i (A m–2
geom) in the

three-dimensional electrode in terms of catalyst physico-

chemical properties, catalyst utilization efficiency and local

current density:

i ¼ cc � av

Zs

0

ijdx ¼ cc � am
mc

s

Zs

0

ijdx ð2Þ

where av is the volume specific catalyst surface area (i.e.

the total catalyst area as determined by off situ physico-

chemical/electrochemical methods per geometric volume

of the three-dimensional electrode (m2
total m–3

geom)), am is the

catalyst surface area per unit catalyst weight (referred to as

the mass specific surface area (m2
total g–1)), ij is the local

current density (A m–2
eff), mc is the catalyst load (g m–2

geom),

Fig. 6 SEM images of PtRu

electrodeposits prepared from

micellar solution with different

substrates at 20 A m–2, 341 K

and perforated counter

electrodes. Support type: (a)

RVC; (b) UGF; (c) Ti Mesh

Fig. 7 Effect of three-dimensional support on the electrocatalytic

activity of PtRu for methanol electro-oxidation. Voltammograms in

1 M CH3OH and 0.5 M H2SO4. Temperature: 298 K. Scan rate:

5 mV s–1. Samples prepared at a temperature of 341 K and a

deposition current density of 20 A m–2 for 120 min with perforated

counter electrodes in micellar solution
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cc is the catalyst utilization efficiency reflecting the effec-

tive area participating in the electrochemical reaction

(m2
eff m–2

total), and s is the electroactive reaction zone (or

catalyst layer) thickness (mgeom). Note that s may or may

not be equal to the physical thickness of the three-dimen-

sional electrode, depending on the catalyst deposition

penetration across the thickness and the availability of the

ionic conductor network linking the catalytic sites.

The local current density ij is related to the local anode

overpotential gj according to various electrode polarization

conditions, such as intrinsic electrode kinetic control, or

mixed control involving intrinsic electrode kinetics toge-

ther with reactant mass transfer and/or ionic conductivity

effects leading to multiple apparent Tafel slopes [28].

Considering in Eq. 2 the simplest case, namely intrinsic

kinetic control described by Tafel polarization, and intro-

ducing the catalyst area enhancement factor as defined by

Eq. 1, the superficial current density for methanol oxidation

in the three-dimensional electrode becomes:

i ¼ cc

as

s

Zs

0

i0;j exp �
2:3gj

bj

� �
dx; ð3Þ

where bj and i0,j are the local Tafel slope (V dec–1) and

exchange current density (A m–2
eff) for methanol electro-

oxidation, respectively, at a point j in the electroactive

zone. Thus, the spatial inhomogeneity of the electrode

reaction rate in the three-dimensional electrode is

accounted for.

Equation 3 shows that even if as is higher for PtRu/UGF

compared to PtRu/RVC, there are a number of other

variables that contribute also to the measured superficial

current density i. An important factor is the catalyst pen-

etration depth in the three-dimensional matrix determining

the electroactive zone thickness s and, moreover, the

homogeneity of the PtRu catalyst composition across s.

Lycke and Gyenge studied this issue in the case of PtSn

nanoparticle deposition on UGF using an electrochemical

organosol method [18].

It was found that catalyst particles situated on the outer

face of the substrate have different atomic ratios of the

constitutive elements compared to particles situated inside,

in the middle of the felt electrode. Hence, it is hypothesized

that both s and the local PtRu ratio could be different for

PtRu/UGF versus PtRu/RVC in spite of an average 4:1

atomic ratio for both (Table 3). The catalyst composition

gradient across the electroactive zone thickness will effect

the kinetic parameters bj and i0,j which in turn leads to

different methanol oxidation rates (Eq. 3). Furthermore,

differences in catalyst/support interaction between PtRu/

UGF, PtRu/RVC and PtRu/Ti could also affect the kinetic

parameters of methanol oxidation, such as electronic

effects and/or different crystallographic features of the

PtRu electrodeposit induced by the support. The crystal-

lographic features, in terms of Eq. 3, will also impact the

area based catalyst utilization efficiency cc since formation

of crystalites richer in faces that are more active toward

methanol oxidation will increase cc. These considerations

point toward future experimental studies that are required

in order to better understand the synergies between three-

dimensional support and electrocatalytic activity.

3.4 Direct methanol fuel cell experiments

The extended reaction zone three-dimensional anodes with

low PtRu catalyst load prepared using perforated counter

electrodes and a deposition current density of 20 A m–2

(Table 3) were investigated in single-cell DMFCs operated

at 333 K and fed on the anode side with 1 M CH3OH and

0.5 M H2SO4 solution (Sect. 2.5). Figure 8 shows the cell

voltage versus superficial current density, whilst Fig. 9

expresses the specific power output on area and catalyst

mass basis, respectively.

The highest fuel cell peak power density at 333 K was

obtained with the RVC substrate (486 W m–2 at

2,250 A m–2), followed by UGF and lastly Ti mesh

(Fig. 9a). While these results are in accordance with the

voltammetry study (Sect. 3.3 and Fig. 7), the fuel cell

results are also reflective of other phenomena, in addition

to electrode kinetics. It is expected that the CH3OH

crossover to the cathode, compromising the cell voltage

output due to the establishment of a mixed cathode

potential, was the most severe in the case of the thin Ti

mesh anode which also had the lowest PtRu load (only

2.8 g m–2). On the other hand, the ohmic voltage drop loss

was the lowest for Ti mesh support. The high methanol

crossover for the PtRu/Ti system was reflected by the low

open circuit cell voltage (i.e. 0.54 V (Fig. 8)) compared to

PtRu/RVC and PtRu/UGF. Qi and Kaufman discussed the

relationship between open circuit cell voltage and methanol

crossover [29].

The power output on a catalyst mass basis was virtually

identical for the three-anodes for currents up to about

200 A g–1 (Fig. 9b). At higher currents the performance of

PtRu/RVC and PtRu/UGF leveled off, while the Ti mesh

supported catalyst yielded a maximum catalyst mass spe-

cific power output of 50.4 W g–1 (Fig. 9b). Thus, the mass

specific activities of the investigated anodes were compa-

rable even though there was more than a four times

difference in the PtRu load between Ti mesh (2.8 g m–2)

and RVC (12.0 g m–2) in conjunction with obvious dif-

ferences in substrate physico-chemical properties. In other

words, increasing the anode catalyst load with the devel-

oped electrodeposition procedure on the various three-
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dimensional substrates did not lead to a decrease of catalyst

mass specific activity.

Comparative fuel cell experiments were performed

under identical operating conditions using a conventional

gas diffusion anode with 10 and 40 g m–2 PtRu load sup-

ported on Vulcan XC-72. Table 4 summarizes the

performance of the reference gas diffusion anodes obtained

in-house together with representative literature results in

order to better assess the effectiveness of the novel,

extended reaction zone, three-dimensional anodes pro-

posed in the present work. The literature results were

selected such that to be comparable as much as possible

with the conditions employed here, e.g. Nafion1 117

membrane, operating temperature of 333 K and PtRu cat-

alysts with loads between 10 and 40 g m–2. In all the

selected reference DMFC experiments on the cathode side

a gas diffusion electrode was employed with some varia-

tion regarding the cathode catalyst loading and O2 pressure.

However, a major difference between our experimental

conditions and pertinent literature relates to the use of

0.5 M H2SO4 for ionic conductivity. Most of the gas dif-

fusion electrode studies in the literature were carried out

without liquid ionic conductor (i.e. the proton exchange

polymer supplies the ionic conductivity in the catalyst

layer). The 0.5 M H2SO4 electrolyte while improves the

ionic conductivity, which was essential especially for the

RVC and UGF anode substrates, it could also enhance the

CH3OH crossover flux to the cathode due to increased

electro-osmotic drag.

Table 4 shows that the performance of the conventional

GDE used in the present work compares favorably with

literature results, hence, validating the DMFC testing pro-

tocol. The catalyst mass specific peak power output of the

reference GDE with a 1:1 Pt:Ru atomic ratio was 17.6 and

44.1 W g–1 at loads of 40 and 10 g m–2, respectively.

Thus, in the case of the GDE there was a significant loss in

mass specific activity with catalyst load increase. The

three-dimensional anodes gave maximum power outputs of

38.6–50.4 W g–1. However, the PtRu atomic ratios

obtained by the micellar media assisted deposition on the

three-dimensional substrates were around 4:1, while a

i / A m-2
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Fig. 8 Effect of three-

dimensional anode with

electrodeposited PtRu (see

Table 3) on DMFC

performance. Fuel: 1 M CH3OH

in 0.5 M H2SO4 at 2 mL min–1.

Cathode: 40 g Pt m–2, dry O2

fed at 2.5 bar and 500 mL min–1.

Temperature: 333 K
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lower ratio (e.g. 1:1) is more favorable at 333 K [25–27,

33].

Therefore, the performance of the DMFC could be

further improved with the extended anodic reaction zone

provided by the three-dimensional substrate, if a 1:1 Pt:Ru

atomic ratio can be achieved by the electrodeposition

method. This was also proven experimentally by Bauer

et al. in the case of a different type of graphite felt (i.e.

compressed) subjected to an electrodeposition procedure

carried out at high non-ionic surfactant concentration (i.e.

40 wt.%) [16].

There is scant literature information on the use of three-

dimensional extended reaction zone anodes in direct fuel

cells. Two recent studies employed Ti mesh substrates [21,

33]. Experiments by Allen et al. showed virtually no dif-

ference between the fuel cell polarization of PtRu/Ti mesh

(10 g m–2) and conventional GDE (10 g m–2 PtRu) in

DMFC operated at 363 K [21]. The power output on both

area and anode catalyst mass basis was nearly identical for

the Ti mesh and GDE. Shao et al. on the other hand,

working with 0.25 M, 0.5 M, and 1 M methanol concen-

tration at 333 K as well as 363 K, observed that the Ti

mesh supported PtRu performed better than the GDE in the

high current density range, where mass transfer related

effects gain significance [33]. The mass specific activities

of their catalysts were lower than those obtained in the

present study (Table 4).

Therefore, it can be concluded that the electrode prep-

aration method using micellar media gives a PtRu catalyst

morphology that provides high catalyst utilization on var-

ious three-dimensional substrates.

4 Conclusion

The electrodeposition of PtRu on three different three-

dimensional substrates (Ti mesh, RVC and UGF) was

studied using colloidal media. The resulting electrodes

were tested for electrocatalytic activity toward methanol

oxidation. The combination of Triton X-100/isopropanol

aqueous micellar electrodeposition media and perforated

counter electrodes yielded a mesoporous PtRu deposit

morphology with high anode catalyst mass specific

activity toward methanol oxidation as shown by both

voltammetry and fuel cell experiments. The anode cata-

lyst mass specific peak power output at 333 K was in the

range 38.6–50.4 W g–1 corresponding to current loads of

170–220 A g–1. The highest power densities were

obtained with PtRu/RVC. It must be noted however, that

RVC is a brittle material hence, the anode gasket

thickness and cell compression have to be designed such

that to avoid the crushing of the RVC. The electrode

design proposed in the present work opens up the pos-

sibility of lowering the precious metal catalyst load in

direct fuel cell anodes below 10 g m–2. Future experi-

ments will address the optimization of Pt:Ru atomic ratio

and catalyst composition (e.g. using ternary formulations)

for the specific conditions of three-dimensional electrode

supports.
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Table 4 DMFC performance comparison between published data and results obtained in the present work

Anode catalyst layer PtRu load

(g m–2)

PtRu atomic

ratio

Peak power

output (W m–2)
Catalyst mass

specific

peak power

output (W g–1)

Cathode

pressure

(barabs)

Ref.

Anode type: conventional GDE

PtRu/Vulcan XC-72 10.0 1.0:1 441 44.1 2.5 Present work

PtRu/Vulcan XC-72 40.0 1.0:1 703 17.6 2.5 Present work

PtRu/Vulcan XC-72 10.0 1.0:1 300 30.0 1.0 [30]

PtRu/Vulcan XC-72 35.0 1.0:1 510 14.6 1.0 [30]

PtRu/Vulcan XC-72 40.0 1.0:1 500 12.5 1.0 [31]

Unsupported PtRu 40.0 1.0:1 740 18.5 1.0 [32]

Anode type: three-dimensional substrate (extended reaction zone)

RVC 12.0 3.6:1 486 40.5 2.5 Present work

UGF 9.8 4.0:1 379 38.6 2.5 Present work

Ti mesh 2.8 4.5:1 141 50.4 2.5 Present work

Ti mesh 40.0 2.3:1 450 11.3 1.0 [33]

Temperature: 333 K; Anode feed: 1 M CH3OH—0.5 M H2SO4 (present work), 1 M CH3OH in water (literature). Membrane: Nafion1 117
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