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a b s t r a c t

Electrodeposited Pt nanoparticles on carbon substrate show various morphologies depending on the
applied potentials. Dendritic, pyramidal, cauliflower-like, and hemi-spherical morphologies of Pt are
formed at potential ranges between −0.2 and 0.3 V (vs. Ag/AgCl) and its particle sizes are distributed
from 8 to 26 nm. Dendritic bulky particles over 20 nm are formed at an applied potential of −0.2 V,
vailable online 10 March 2010
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while low deposition potential of 0.2 V causes dense hemi-spherical structure of Pt less than 10 nm.
The influence of different Pt shapes on an electrocatalytic oxidation of formic acid is represented.
Consequently, homogeneous distribution of Pt nanoparticles with average particle of ca. 14 nm on car-
bon paper results in a high surface to volume ratio and the better power performance in a fuel cell
application.
ormic acid oxidation
uel cells

. Introduction

Direct formic acid fuel cells (DFAFCs) have been emerged since
arly 2000s due to the high energy density, fast oxidation kinetics,
nd safety of liquid formic acid (HCOOH), as well as simple inte-
ration in a portable power device [1–3]. Among various catalysts
t is still a well-known anode catalyst for the electrooxidation of
ormic acid in spite of the problem of being strongly poisoned by
ntermediate species [4–6].

To date, great efforts have been made to increase the ratio of
urface area to volume of Pt nanoparticles by reducing the size
ecause a rough surface containing terraced, stepped, and kinked
ites is generally more active than a flat, low-index surface [7].
n addition, a number of chemical routes also have been devel-
ped to produce Pt nanostructures such as spheres, cubes, rods,
ires, prisms, and multipods [8–12], since the catalytic and elec-

rocatalytic activity depend on not only the ratio of surface area
o volume, but also the structure or arrangement of atoms on the

urface [7].

One method to prepare Pt nanostructures, electrochemical
eposition reducing metal ions onto selected electrodes is a
romising technique due to its easy-to-use procedure and low cost
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of implementation [13]. However, a large number of electrode-
position conditions including precursor concentration, additives,
current density, temperature, agitation, and polarization should be
considered [14]. For instance, Tian et al. [13] regulated the shape
of the nanoparticles with different electrodeposition current den-
sities and flower-like Pt nanoparticles showed 1.9 times higher
catalytic activity than bare Pt on electro-oxidation of methanol.
Jayashree et al. [15] observed smooth and dendritic morpholo-
gies with different electrodeposition potentials of −1 and −2 V
(vs. Ag/AgCl), respectively and dendritic structures with high sur-
face area exhibited increased activity for formic acid oxidation. In
addition, we have recently demonstrated that irreversible mod-
ification of the Pt metal surface to enhance the performance as
well as the durability of the catalyst by underpotential deposi-
tion (UPD) with foreign metal adatoms such as Bi [3,6], Pb [16],
and Sb [17] is a powerful method to drive a practical DFAFC sys-
tem.

In this study, we electrodeposited various morphologies of
Pt nanoparticles on carbon paper by applying different over-
potentials and each structure represented diverse catalytic
activities for formic acid oxidation. The dominant effect on
DFAFC performance between Pt morphology and particle size is
discussed.
2. Experimental

Carbon paper (TGPH-060, E-TEK) was prepared as a catalyst sup-
port; electrochemically oxidized at a constant potential of 2.0 V

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jaeyoung@gist.ac.kr
dx.doi.org/10.1016/j.jpowsour.2010.03.009
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n 0.5 M HClO4 for 2 min with a potentiostat/galvanostat (Autolab
GSTAT30) using an Ag/AgCl reference electrode and a platinized
t counter electrode. After the electrochemical oxidation, Pt was
lectrodeposited on treated carbon paper in 10 mM H2PtCl6
Sigma), 0.2 mM Pb(CH3COO)2 (Junsei), and 0.5 M HClO4 (Aldrich).
b is used as an additive to reduce surface diffusion of Pt atoms
hich leads to a rough Pt morphology [18]. Prior to the Pt elec-

rodeposition, linear sweep voltammogram (LSV) at 10 mV s−1

as conducted to determine the deposition potentials ranging
rom −0.2 to 0.3 V with the interval of 0.1 V. The amount of
eposited metal was controlled by applying the total charge
o 1.5 C. Pt/C electrode was prepared by dispersing appropriate
mounts of supported catalysts powder (40% mass) in deionized
ater, 7% Nafion solution (Aldrich), 2-propanol, sonicating the

olution for 90 s and catalyst inks were coated on a GDL/carbon
aper (TGPH-060, E-TEK). Catalyst loading was adjusted to the
ame weight of the electrodeposited Pt. To investigate real sur-
ace area of electrodeposited Pt, CVs were recorded at 50 mV s−1

n 0.5 M HClO4. Structural analysis of Pt was carried out using
RD (D/MAX Ultima III diffractometer). The surface morpholo-
ies and electron diffraction (ED) patterns were characterized with
FE-SEM (Hitachi S-4700) and TEM (JEOL JEM-2100), respec-

ively.
In a fuel cell operation [3,19,20], the electrodeposited Pt and

ommercial Pt/C (0.5 mg cm−2) were used as anode catalysts and
ommercial Pt black (3.0 mg cm−2, Alfa Aesar) was used as the
athode catalysts. Cathode was prepared by dispersing appropriate
mounts of unsupported catalysts powder in deionized water, 5%
afion solution (Aldrich), and 2-propanol, sonicating the solution

or 90 s and catalyst inks were coated on a GDL/carbon paper (SGL
5BC). Then, additional ionomer solution was sprayed onto the cat-
lyst layers of anode (0.5 mg cm−2) and cathode (0.15 mg cm−2) in
rder to decrease the contact resistance with polymer electrolyte
embrane (Nafion 115, DuPont). Membrane electrode assemblies

MEAs), with an electrode area of 9 cm2, were prepared by hot
ressing with Nafion 115 at a temperature of 140 ◦C and a pres-
ure of 100 kgf cm−2 for 5 min. The cell operating temperature was

◦
xed at 60 C and the concentration of formic acid was 3 M. Air was
pplied to cathode compartment with the relative humidity of 80%
t a flow rate of 200 sccm. Polarization curves and voltage variation
ith time at constant current were obtained using a fuel cell test

tation (Scitech Korea).

Fig. 1. (a) Linear sweep voltammogram and (b) current versus time profile duri
rces 195 (2010) 5929–5933

3. Results and discussion

The electrodeposition of Pt nanoparticles on carbon electrode is
characterized by LSV and current profiles at constant potentials in
Fig. 1. Cathodic current starts from 0.65 V and several peaks appear
below 0.3 V which corresponds to the potentials of PtCl62− reduc-
tion in Fig. 1(a). Hydrogen adsorption and evolution reactions on
as-deposited Pt catalyst caused drastic current drop below −0.2 V.
Based on the LSV results, several constant potentials ranging from
−0.2 to 0.3 V with the interval of 0.1 V were selected for proper
comparison of electrodeposition potentials of Pt as the anode elec-
trocatalyst for formic acid oxidation. The mass loading of Pt is
0.5 mg cm−2 and it is enough for DFAFC operation in our previ-
ous study [6]. Different electrodeposition time was considered for
applying same amount of charges.

The morphologies of the electrodeposited Pt on carbon sub-
strate with different applied potentials are compared. In Fig. 2(a),
Pt nanoparticles at a potential of −0.2 V shows bulky dendrite
structure that is generally formed under mass transport limited
conditions [21]. As applied potential increases, the Pt was homoge-
neously placed on carbon substrate keeping pyramidal structures
between −0.1 and 0 V. Cauliflower-like and hemi-spherical struc-
tures were observed at 0.1 and 0.3 V, respectively. In particular,
the structure of Pt at 0.3 V is perfectly round with smooth sur-
face and stands apart from each other. Accordingly, high deposition
potentials ranging from 0.1 to 0.3 V supplied limited currents
for nucleation of Pt which caused isolated and densely agglom-
erated round structures. On the other hand, sufficient currents
of low potentials below 0.0 V induced well-dispersed pyrami-
dal Pt and bulky dendrite structure due to the heterogenous
nucleation and limited Pt ion supply in outmost surface of the
substrate.

The relationship between the crystallinity and particle size of
electrodeposited Pt was analyzed. All three peaks in Fig. 3 cor-
respond to Pt(1 1 1), Pt(2 0 0), and Pt(2 2 0), and Pt(1 1 1) surface
was selectively grown on the carbon substrate. Higher crys-
talline Pt was obtained by applying low potentials and intensity

gradually decreased with increasing applied potentials. Although
crystallinity of electrodeposited Pt shows potential dependence,
its relative intensity of each surface was almost constant. Gen-
erally formic acid oxidation on Pt shows structural sensitivity
depending on a single crystal surface [22–24]. However electrode-

ng potentiostatic deposition in 10 mM H2PtCl6 and 0.5 M HClO4 solution.
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ig. 2. SEM images of Pt on carbon paper. Electrodeposition potentials of Pt at (a)
mage).
osited Pt on carbon substrate shows polycrystalline structure and
onstant relative intensity. Therefore we could not expect structure
ensitivity in our study. Average particle sizes of Pt calculated with
ebye–Scherrer equation [25] with full-width at half-maximum

ig. 3. XRD patterns of Pt electrodes: (a) −0.2 V, (b) −0.1 V, (c) 0 V, (d) 0.1 V, (e) 0.2 V,
nd (f) 0.3 V.
, (b) −0.1 V, (c) 0 V, (d) 0.1 V, (e) 0.2 V, and (f) 0.3 V (vs. Ag/AgCl) (Inset: magnified

(FWHM) values for Pt(1 1 1) and (2 0 0) are summarized in Table 1.
The results of average particle size of Pt(1 1 1) and Pt(2 0 0) are
ranged between 8 and 26 nm and it indicates that lower applied
potential caused the increase of the crystal size in both cases of
Pt(1 1 1) and Pt(2 0 0).

The particle size of Pt nanoparticles was supported by TEM

analysis as shown in Fig. 4. The size of Pt nanoparticle from TEM
images shows nearly the same value and tendency depending on
applied potentials with XRD results. In addition, all of electrode-
posited Pt particles showed polycrystalline structures by ED pattern

Table 1
FWHM and average particle sizes of Pt calculated with XRD results.

Deposition potential
(V vs. Ag/AgCl)

Pt(1 1 1) Pt(2 0 0)

FWHM (◦) Particle
size (Å)

FWHM (◦) Particle
size (Å)

0.3 0.938 90 1.110 78
0.2 0.933 91 1.113 78
0.1 0.822 103 0.875 99
0 0.587 144 0.593 146

−0.1 0.396 214 0.420 206
−0.2 0.320 264 0.384 226
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2 4
activity to electrodeposited Pt in formic acid oxidation. It means
an activity for formic acid oxidation on Pt catalyst can be affected
by its structures and controlling Pt morphology is effective despite
having larger particle size.
Fig. 4. TEM images of Pt electrodeposited at (a) −

nalysis and the case of 0 V in Fig. 4(b) represented rather well
rdered crystallinity than 0.2 V in Fig. 4(c). Considering SEM, XRD
nd TEM results, we can conclude that higher potential causes
gglomerated morphologies with small grain boundaries of Pt,
hile lower potential results in dispersed morphologies with larger

rain boundaries of Pt on the carbon substrate. At low deposition
otentials where mass transfer is limited, an increase in separation
istance between nuclei (formed on the surface of electrodeposited
t nanoparticles) leads to dendrite structures. And at high potential
here deposition kinetics are limited, smooth surfaces are favored

21].
To investigate the electrocatalytic activity of various Pt parti-

les on carbon substrate, the cyclic voltammograms in 0.5 M HClO4
olution were performed (see Fig. 5(a)). Pt deposited at 0 V (ii)
xhibits the largest hydrogen and oxygen adsorption/desorption
rea compared to −0.2 V (i), 0.2 V (iii), and 0.3 V (iv). It means that
ell dispersed pyramidal Pt has the largest active surface area
hile the smallest one appears at hemi-spherical structure. Dot-

ed line (v) indicates electrochemically oxidized carbon substrate.
rom these results, the active surface area of electrodeposited Pt
s strongly associated with its morphology rather than average
article size. And commercial Pt/C was also compared with elec-
rodeposited Pt. Pt/C has the larger active surface area and double
ayer capacitance in H2SO4 solution.

Electrodeposited Pt electrodes were applied for electrocatalytic
xidation for formic acid as illustrated in Fig. 5(b). LSV in 0.5 M
ClO4 solution in the presence of 0.1 M HCOOH was performed
ith a scan rate of 10 mV s−1. The onset potential of formic acid

xidation of Pt deposited at 0 V (ii) is about −0.03 V and exhib-
ted higher current density between 0.0 and 0.5 V. Two peaks of
he oxidation of formic acid are obtained; the first anodic peak at
.35 V is attributed to the direct oxidation of formic acid to CO2
n the remaining sites unblocked by intermediate species, and the
econd peak at 0.50 V is related to the oxidation of adsorbed inter-
ediate species of CO which releases the free surface sites for the
ubsequent oxidation of formic acid [17]. Pt electrodes at other
eposition potentials of −0.2 (i), 0.2 (iii), and 0.3 V (iv) showed

ower onset potentials than that of Pt deposited at 0 V. We under-
tood that more active sites of Pt for adsorption of oxygen species
esulted in better oxidation activity of formic acid. In spite of the
(b) 0 V, (c) 0.2 V, and (d) 0.3 V (inset: ED pattern).

largest active surface area in H SO solution, Pt/C exhibited similar
Fig. 5. Electrochemical behavior of electrodeposited Pt electrodes: (a) cyclic voltam-
mograms (scan rate = 50 mV s−1) in 0.5 M HClO4, ((i) −0.2 V, (ii) 0 V, (iii) 0.2 V, (iv)
0.3 V (v) carbon fiber substrate and (vi) Pt/C), and (b) linear sweep voltammogram in
0.1 M formic acid (scan rate = 10 mV s−1). Supporting electrolyte = 0.5 M HClO4, ((i)
−0.2 V, (ii) 0 V, (iii) 0.2 V, (iv) 0.3 V and (v) Pt/C).
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ig. 6. Current–voltage polarization curves of electrodeposited Pt electrodes: (a)
0.2 V, (b) 0 V, (c) 0.2 V. 3 M. Formic acid = 3 mL min−1, air = 200 mL min−1, Cell tem-
erature = 60 ◦C.

The final criterion for the preparation of electrodeposited Pt
atalysts is the successful application as anode electrodes in an
ctual formic acid fuel cell system. For the single cell test of
lectrodeposited Pt electrodes, we selected representative three
orphologies such as dendrite, pyramid, and hemi-sphere with

perating condition of 3 M formic acid at 60 ◦C as shown in Fig. 6.
he open circuit voltage (OCV) of Pt electrodes is about 0.7 V and
he maximum power density of −0.2 V (a), 0 V (b), and 0.2 V (c)
re 54, 63, and 19 mW cm−2, respectively. This power density is
ot too low when compared to Pt-based catalysts and supported
t catalysts. Rice et al. reported that up to 48.8 mW cm−2 of power
ensities were obtained using Pt-based catalyst at 60 ◦C with O2
upply [26]. And Liu et al. prepared carbon-supported Pt catalysts
hich exhibited 116 mW cm−2 at 50 ◦C with 8 mg cm−2 of anode

atalyst and O2 supply [27]. Considering low catalyst loading of
.5 mg cm−2 and air supply used in our study, electrochemically
eposited Pt catalysts shows relatively good performance for fuel
ell application. Moreover, the tendency of single cell performance
f electrodeposited Pt is similar to the results of half cell observa-
ions in Fig. 5 and we conclude that the morphology of Pt could
nfluence on the performance of DFAFC.

. Conclusions
Dendritic, pyramidal, cauliflower-like, and hemi-spherical mor-
hologies of Pt governed by applied potentials from −0.2 to 0.3 V
vs. Ag/AgCl) are electrodeposited on carbon paper. As the overpo-
ential increases to the limiting current, dendritic bulky particles

[
[
[

[

rces 195 (2010) 5929–5933 5933

over 20 nm are formed. Low overpotential, however, causes dense
hemi-spherical structure less than 10 nm. Controlled morphologies
of Pt are applied for an electrocatalytic oxidation of formic acid and
well dispersed pyramidal Pt morphology of 0 V with ca. 14 nm par-
ticle size represents the highest activity in both half and single fuel
cell measurements. Homogeneous distribution of pyramidal struc-
ture of Pt on carbon paper leading to a high surface to volume ratio
is the reason of the highest activity for formic acid oxidation.
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