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a b s t r a c t

A design of experiments (derived from the Taguchi method) was implemented to optimize experimen-
tal conditions of a surfactant free polyol method for the synthesis of PtCo electrocatalysts. Considered
responses were the active surface area and the catalytic activity toward oxygen reduction reaction. Metal-
lic salt concentration, pH, temperature ramp, addition order of reactants and particle cleaning step were
chosen as main parameters according to considerations coming from literature and previous experiments.
Matrix models describing the behaviour of the synthesis system was elaborated taking into account the
eywords:
obalt
esign of experiments
lectrocatalyst
xygen reduction reaction

effects of each considered parameter and their interactions. From this model, an optimized PtCo/C cata-
lyst, in terms of active surface area and activity towards the oxygen reduction reaction, was synthesized.
Both the measured values of the active surface area and the electrocatalytic activity are in very good
agreement with the calculated ones from the matrix model. Furthermore, actions of parameters and

amet
EMFC
latinum
olyol synthesis

interactions between par

. Introduction

Electrocatalysts for proton exchange membrane fuel cells (PEM-
Cs) are based on nanosized Pt particles dispersed on carbon black
1]. Due to its cost and availability, alloying platinum with for-
ign non-noble transition metals is field extensively studied for the
reparation of Pt based catalysts; this allows not only decreasing
he amount of platinum, but also increasing the catalytic activity
2–5] and making catalysts more tolerant to the presence of poi-
ons [6–8]. Platinum cobalt materials are promising catalysts for
he oxygen reduction reaction (orr) [9,10]. Nevertheless, most of
esearches on these materials are concerning synthesis procedures
nvolving high temperature treatment step (more than 400 ◦C)
11–13] in order to obtain perfect alloys. Such a treatment may
rovoke a migration of cobalt inside the particles [12] and the sin-
ering of metal particles; creation of agglomerates may cause the
ecrease of the active surface area. Moreover, a perfect control of
ize and dispersion of the catalyst on the carbon conductive sup-
ort (generally used in PEMFC electrodes) is necessary for the study

f the electrochemical activity of such nanoparticles.

The polyol method is very promising for the preparation of PtCo
anoparticles. This method, well described by Fievet et al. [14],
llows obtaining metal nanoparticles by reduction of metallic salts

∗ Corresponding author. Tel.: +33 5 49 45 48 95; fax: +33 5 49 45 35 80.
E-mail address: christophe.coutanceau@univ-poitiers.fr (C. Coutanceau).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.09.051
ers can be better understood using this method.
© 2009 Elsevier B.V. All rights reserved.

in ethylene glycol and can be performed without any surfactant.
Nevertheless, polyol method needs to be optimized according to the
considered application. Actually, polyol method is generally used
for synthesis of anodic catalysts [15–17] but a few studies are found
for the synthesis of cathodic catalysts active toward the orr.

The aim of this work is to optimize a polyol synthesis of catalysts
active for the orr. For this purpose, a Taguchi design of experi-
ments (DOE) has been used. Taguchi method is a combination of
mathematical and statistical techniques often used in empirical
studies [18]. This DOE allows reducing experimental time and cost,
while giving reliable results. It also allows proposing, verifying and
interpreting a simple model of the system, notably concerning the
influence of synthesis parameters and of their possible interactions.
The considered responses are the active surface area (as measured
by integration of the charge in the hydrogen adsorption–desorption
region) and the activity of catalysts toward the orr (as determined
by the kinetic current density at 0.95 V vs RHE). The variation of
the morphology of the catalyst with each parameter will also be
observed by TEM. An attempt to correlate the data from elec-
trochemical, microscopy measurements and synthesis parameters
will be proposed.

2. Experimental
2.1. Synthesis of the PtCo/XC72 catalysts

H2PtCl6, 6H2O and CoCl2 (99.9% purity, Alfa Aesar) were dis-
solved in ethylene glycol (puriss. p.a., ≥99.5% Fluka) with nominal

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:christophe.coutanceau@univ-poitiers.fr
dx.doi.org/10.1016/j.jpowsour.2009.09.051
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oncentrations corresponding to a Pt/Co atomic ratio of 5:1. Then,
H (4, 7 or 11) was adjusted with NaOH 1 M solution in ethylene
lycol. Vulcan XC72 thermally treated 4 h at 400 ◦C under Nitro-
en (U Quality from l’air liquide) was added to the solution and
he mixture was ultrasonically homogenized for 5 min. The mix-
ure was then deoxygenated by bubbling N2 (Nitrogen U quality
rom “Air Liquide”) for 15 min and heated at reflux (197.3 ◦C) for
h maintaining nitrogen bubbling; the rate of temperature ramp
as either 40 ◦C min−1 or 6.7 ◦C min−1. After cooling, the particle

leaning step consisted either in decreasing the pH of the mixture
own to pH = 1by addition of a HClO4 0.5 M solution and rinsing
ith ultra-pure water (MilliQ, Millipore, 18 M� cm) or consisted

n directly washing the mixture with ultra-pure water, followed by
ltration. At last, thermal treatment of the PtCo/C powder was per-

ormed at 200 ◦C under air for 1 h to remove remaining ethylene
lycol.

Syntheses were carried out following two different procedures.
he first one consisted in mixing both metal salts in EG + NaOH
olution, adding the carbon powder and heating the mixture up
o reflux. The second one consisted in dissolving cobalt salt alone,
dding the carbon powder and heating the mixture up to reflux
197.3 ◦C). After 30 min at reflux, a solution of dissolved platinum
alt in ethylene glycol at same pH as the Co salt solution was added.

.2. Electrochemical measurements

The working electrode was prepared by deposition of a cat-
lytic ink on a glassy carbon disc (0.126 cm2 geometric surface
rea) according to a method proposed by Gloaguen et al. [19].
he catalytic powder was added to a mixture of 25 wt.% (based
n the powder content) Nafion® solution (5 wt.% from Aldrich)
nd ultra-pure water (MilliQ, Millipore, 18 M� cm). After ultrasonic
omogenization of the PtCo/XC72-Nafion® ink, a given volume was
eposited from a syringe onto the fresh polished glassy carbon sub-
trate yielding in a case of a Pt(40 wt.%)/C a 60 �g cm−2 catalytic
owder loading (i.e. 24 �gPt cm−2). The solvent was then evapo-
ated in a stream of ultra-pure nitrogen at room temperature. By
his way, a catalytic layer was obtained with a thickness lower than
�m.

Electrochemical measurements were performed using a RRDE
rotating ring disc electrode) set-up: a Pine Instrument Company
FMSRX modulator speed rotator mounted with an AFDT22 elec-

rode including a 0.152 cm2 Pt ring and a 0.126 cm2 GC disc leading
o a collection efficiency N = 18% at ˝ = 2500 rpm (as determined
sing ferri-ferrocyanide redox couple). A bi-potentiostat AFRDE-4
as used to control the ring and the disc potentials and to collect

he respective currents. The electrochemical experiments were car-
ied out at 20 ◦C in N2-purged or O2-saturated (U Quality from l’air
iquide) support electrolytes, using a conventional thermostated
hree-electrode electrochemical cell. The counter electrode was a
lassy carbon plate (8 cm2 geometric surface area) and the ref-
rence electrode was a reversible hydrogen electrode (RHE). The
upport electrolyte was a HClO4 0.1 M (Suprapur, Merck) solution
n ultra-pure water.

The active surface area was determined by integrating the
harge in the hydrogen adsorption–desorption region of cyclic
oltammograms recorded at a scan rate of 20 mV s−1 in N2-
aturated electrolyte (corrected from the double layer capacity).
he oxygen reduction reaction was studied by RRDE, with different
lectrode rotation rates (400, 900, 1600 and 2500 rpm) in order to

ccess the kinetic data (Tafel slopes, limiting current densities and
inetic current densities) from Koutecky-Levich’s equation and to
erify that no hydrogen peroxide was formed at PtCo/XC72 cata-
ysts (not shown). The disc potential was swept under quasi-steady
tate conditions at 3 mV s−1.
ources 195 (2010) 1569–1576

2.3. TEM measurements

Catalysts were characterized by transmission electron
microscopy (TEM) using a Philips CM 120 microscope ana-
lyzer equipped with a LaB6 filament. To prepare the sample, a
small drop of the solution was put on an Au grid and the solvent
was evaporated. TEM observations allowed determining the mean
particle size of platinum and evaluating the dispersion of the
particles at the surface of the carbon support. However, great care
had to be taken with the counting of the particles. In our case,
only isolated-like particles were taken into account; in each case,
600 particles were measured for statistics. The mean particle size
was determined using Feret’s diameter due to the non-sphere like
shapes of some particles.

3. Results and discussion

3.1. Definition of the design of experiments

Before establishing the DOE as a powerful tool for analyzing the
influence of several experimental parameters on the catalytic per-
formance, the most important step lies in the identification and
choice of the control parameters.

The metal oxidation degree is one of the most important param-
eter controlling the reduction in polyol method [20]. Furthermore,
pH is known to enhance the formation of acetaldehyde from ethy-
lene glycol (one of the steps of the reduction mechanism) [20] and
to govern the presence of oxide or hydroxide forms of the met-
als; moreover, pH not only changes chemical mechanisms, it is also
believed that glycolate anions act as surfactant leading to stabi-
lize the particle size [21]: the particle size is directly linked with
glycolate concentration. At last, the pH value can modify the zeta
potential of the particles, leading to change interactions between
PtCo particles and the carbon support, which can have an effect on
the metal loading [22]. All these previous observations show that
pH is one of the most important parameters to be controlled for a
polyol process.

Because pH of the medium may affect the zeta potential (and
further the deposition on carbon support), decreasing the pH value
(or not) before particle cleaning may also be an influent factor.

Polyol synthesis is based on the homogeneous nucleation of
metal from a metallic salt. The density of nuclei will be directly
linked with the metallic salt concentration [23]. A weaker number
of nuclei will allow well separating germination and growth steps
by limiting collision and coalescence of nuclei. Therefore, metallic
salt concentration is another important parameter to be controlled.

The kinetics of a reduction reaction is a key parameter to con-
trol the form and the size of particles [24]: the reactor temperature
and the rate of temperature ramp are parameters which can also be
important. In this study, all syntheses are carried out at the temper-
ature of ethylene glycol reflux; however, according to some authors
[25,26], this temperature could be the optimal one. Therefore, only
the influence of the rate of temperature ramp will be studied.

The reduction potential of Co2+ is far lower than that of Pt4+ as
indicated by potential-pH diagrams [27]; therefore, the reduction
kinetics of platinum salt is higher than that of cobalt salt. So the
order in which metal salts are added will also be studied.

Other parameters could have an effect on the synthesis; for
example, the nature of the metallic salt (notably the counter anion
of the salt) may have an influence [28]; we restrict our study to
the most used metal salts for the preparation of PtCo catalyst by a

polyol method.

The five influent parameters considered in the present DOE will
be called pH, cleaning method (N), order of addition of metallic salts
(OS), salt concentration (c), and ramp temperature rate (T). The lin-
ear graph corresponding to the model is given in Fig. 1; straight line
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Table 1
Considered synthesis parameter levels in the design of experiments.

Synthesis parameter Level

1 1.5 2

pH 11 7 4
c 1 g L−1 3 g L−1

r
g
D
f

Y

w
b
i
f
d
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E
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i

T
C
v

OS Simultaneous Pt after
T Slow Fast
N pH decrease Direct

epresents the possible interactions between parameters. Table 1
ives the different levels used for the parameters in the present
OE. The model of the synthesis process can then be written as

ollows:

∼ = M + EN + EpH + Ec + ET + EOS + IpH–N + IpH–T + IpH–c

+ IpH–OS + IOS–T + IOS–c + Ic–T (1)

levels 2 3 2 2 2 6 6 6 6 4 4 4
dof 1 1 2 1 1 1 2 2 2 2 1 1 1

here Ex is the effect of the parameter x, Ix–y is the interaction
etween two parameters x and y, M is the general average of exper-

mental responses and Y∼ is the calculated value of the response
rom the model for a given configuration of effects and interactions;
of is the degree of freedom for each effect and each interaction. The
ctions of a parameter at a given level (i) are calculated as follows:

xi
= (average value of responses when Ex is at level i) − M (2)

xiyj
= (average value of responses when Ex is at level i; Ey at level j)
−M − Exi
− Eyj

(3)

From this model, the minimum number of experiments needed
n the DOE can be calculated respecting two conditions: (i) the num-

able 2
onfigurations of parameter levels for the realization of the experiments within the DOE, e
alues as calculated with the model.

Exp. pH c OS T N ASA (exp.)
(m2 g−1)

1 1 1 1 1 1 24.5
2 1 1 1 2 2 40.3
3 1 1 2 1 1 29.7
4 1 1 2 2 2 38.4
5 1 2 1 1 2 34.8
6 1 2 1 2 1 17.4
7 1 2 2 1 2 28.7
8 1 2 2 2 1 26.9
9 1.5 1 1 1 2 12.1
10 1.5 1 1 2 1 4.9
11 1.5 1 2 1 2 6.6
12 1.5 1 2 2 1 28.1
13 1.5 2 1 1 1 23.9
14 1.5 2 1 2 2 3.1
15 1.5 2 2 1 1 24.3
16 1.5 2 2 2 2 10
17 2 1 1 1 1 25.5
18 2 1 1 2 2 18.7
19 2 1 2 1 1 26.9
20 2 1 2 2 2 19.4
21 2 2 1 1 2 14.2
22 2 2 1 2 1 7.8
23 2 2 2 1 2 15.8
24 2 2 2 2 1 13.7
Mean value 20.6
Residues = |(

∑
(Yimodel

− Yiexp ))| 0.4
Fig. 1. Linear graph representing the synthesis parameters and the considered inter-
actions (straight lines) for the DOE.

ber of experiments has to be superior or equal to the total number
of dof (�dof = 18) (ii) the criteria for an orthogonal DOE impose
that all discrete actions (effects and interactions) are orthogonal;
the minimum number of experiments in this case is 24. A DOE
with 4 parameters having 2 levels and 1 parameter having 3 lev-
els (24 × 31) cannot be drawn from a Tagushi table; it should then
involve 48 experiments considering the full factorial DOE. However,
it is possible to decrease the number of experiments by constructing
a non-standard DOE using a modified L32(231) table. It is possible to
consume two columns with two levels of the table to build one col-
umn with 4 levels. Then, the number of levels can be reduced from
4 to 3 by considering for example that level 4 and 2 are equivalent.
Table 2 shows the table of experiments obtained. Numbers in Fig. 1
indicate the columns considered in the Tagushi table which are
assigned to each parameter and each interaction (and then the level
of each of them in each experiment). This approach leads to reduce

the number of experiments from 48 to 24, which is the minimal
number required considering the dof and the criteria for orthog-
onal DOE. After realizing the experiments with the parameters in
corresponding levels, the choice for the level of each parameter can

xperimental active surface area (ASA) and kinetic current density jk , and theoretical

ASA (model)
(m2 g−1)

jk at 0.95 V (exp.)
(mA cm−2)

jk at 0.95 V (model)
(mA cm−2)

24.5 0.44 0.34
40.0 1.34 1.18
22.5 0.33 0.13
36.5 0.44 0.90
36.5 0.83 1.06
16.0 0.05 0.08
34.0 1.13 1.22
21.0 0.52 0.16

4.5 0.14 −0.02
14.5 0.00 0.26

7.0 0.10 −0.04
25.5 0.11 0.16
26.5 0.51 0.64
−2.0 0.04 −0.20
28.5 0.79 0.98

8.0 0.12 0.06
23.0 0.51 0.24
19.5 0.31 0.66
21.5 0.23 0.16
26.5 0.54 0.50
19.5 0.10 0.28

4.0 0.09 −0.18
17.5 0.41 0.56
10.5 0.05 0.02
20.2 0.38 0.38

0.02
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Table 3
Mean particle size, related standard deviation and atomic composition of PtCo cata-
lysts prepared from experiments within the DOE, determined by TEM and ICP-OES,
respectively.

Experiment TEM size (nm) Co/Pt (at.%)

1 3.5 ± 1.2 0.3
2 4.0 ± 1.0 1.2
3 5.5 ± 1.9 0.4
4 4.0 ± 0.9 0.8
5 4.5 ± 2.4 2.1
6 6.5 ± 2.4 0.9
7 4.0 ± 1.2 1.5
8 4.5 ± 1.4 0.6
9 5.5 ± 2.4 1.8

10 5.5 ± 1.5 0.5
11 5.5 ± 1.8 1.2
12 5.0 ± 1.6 0.3
13 6.5 ± 2.8 1.5
14 8.0 ± 4.1 0.4
15 7.0 ± 2.6 1.0
16 7.0 ± 2.6 1.7
17 5.0 ± 2.0 0.7
18 5.0 ± 1.6 0.9
19 5.0 ± 2.0 0.4
20 5.5 ± 2.0 0.7
21 8.5 ± 3.5 1.3
22 7.5 ± 2.5 2.6
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to clean the platinum surface from organics coming from synthesis
and Nafion® solution. A typical voltammogram of a PtCo/XC72 cat-
alyst (experiment no 12 of the DOE) is presented in Fig. 4. Table 2,
gives the results obtained for each prepared catalyst within the
DOE. From these results, it is possible to quantify the influence of
23 9.0 ± 3.0 1.6
24 8.0 ± 3.1 2.1

e determined to optimize the responses; a confirmation experi-
ent can then be carried out to compare the obtained results with

he calculated ones from the model and to check the reliability of
he DOE.

.2. TEM and ICP-OES characterization of the PtCo catalysts

First, the bulk composition of the different PtCo catalysts was
etermined using ICP-OES (Table 3). For all catalysts, the Co/Pt
atios are extremely low in the range 0.3–2.6 at.%, far from the nom-
nal Co/Pt atomic ratio (1:5) in the reaction mixture. Actually, it
ppeared that a lot of cobalt was dissolved in course of the clean-
ng step for all catalysts. This seems to indicate that cobalt was

ore present on the particles surface, which is likely due to the
ower reduction kinetics of cobalt salt. This dealloying effect and
he resulting weak amount of cobalt in the particles are however
nough to enhance activity compared to pure platinum catalyst
28]. This last aspect occurs for all prepared catalysts, but in a more
r less drastic manner, and can then be considered as a part of
he synthesis optimization. Moreover, although ca. 17 at.% less plat-
num is used in the synthesis route than for a Pt/C catalyst, meaning
a. 17 at.% less platinum in the catalytic powder, higher catalytic
ctivity are obtained.

The mean particle size (Table 3) and the size distribution are
ery dependent on different factors. Fig. 2 displays size distribu-
ions depending on the pH of the synthesis medium (Fig. 2a) and
n the metallic salt concentration (Fig. 2b). Actually, both these
ynthesis parameters displayed the most important influence on
article size and size distribution. The cleaning step does not influ-
nce the mean particle size and size distribution. The morphology
f the particles is also observed as a function of experimental syn-
hesis parameters. It appeared that, a great number of facetted
articles could be obtained with polyol method, independently on
he parameter levels; some distinct forms appeared at pH 4 (Fig. 3).

owever, only the pH value of the medium and the metallic salt
oncentrations seem to have an influence on the morphology of the
articles; the other parameters are not determining parameters in
hat case.
ources 195 (2010) 1569–1576

3.3. Actions of parameters on the active surface area and on the
electrocatalytic activity

The electrochemical active surface area (ASA) of the catalysts is
evaluated from the cyclic voltammograms recorded at 20 mV s−1

in support electrolyte, by integration of the charge involved in
the adsorption–desorption region of hydrogen after correction of
the capacitive contribution of the carbon support and assuming
210 �C cm−2 for the adsorption of a monolayer of atomic hydrogen
on a polycrystalline platinum surface [29], according to Eq. (4):

ASA = 1/v
∫

idV

210 × 104 × mPt
(4)

where ASA is the active surface area (m2 g−1), v the linear potential
scan rate (V s−1), i the current (�C s−1), V the electrode poten-
tial (V) and mPt the mass of platinum deposited on the electrode
(g).

This determination is realized after 20 voltammetric cycles
between 0 and 1.2 V vs RHE until quasi-constant voltammograms
[30] are obtained. This activation procedure is carried out in order
Fig. 2. Histograms of the size distributions for PtCo (40 wt.%)/Vulcan XC72 catalysts
synthesized by a polyol process under different conditions, (a) with different pH of
the synthesis medium and (b) with different metallic salt concentrations c.
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ig. 3. Typical photographs of PtCo (40 wt.%)/Vulcan XC72 catalysts synthesized by
nd (c) pH = 4. Rods are highlighted within white ellipses.

ach effect and of their interactions, which leads to the following
atrix equation for the model:

SA = 20.7 +
[

9.4 −6.5 −2.9
]

[pH] +
[

2.3 −2.3
]

[c] +
[

−1.7

+t[pH]

⎡
⎢⎣

0.9 −0.9

−3.5 3.5

2.6 −2.6

⎤
⎥⎦ [c] + t[pH]

⎡
⎢⎣

0.9 −0.9

−1.4 1.4

0.5 −0.5

⎤
⎥⎦ [OS]+ ≤ t[pH]

⎡
⎢⎣

+t[c]

[ −0.2 0.2

0.2 −0.2

]
[OS] + t[c]

[ −3.6 3.6

3.6 −3.6

]
[T] + t[T]

[
2 −2

−2 2

Considering only the effects of parameters in model (5), the
ost influent parameters are, as expected from TEM observations,

H and metallic salt concentration (Fig. 5a); the following lev-
ls could be chosen for improving synthesis: pH(1), c(1), OS(2),
(1) and N(1). The calculated value of ASA from the model under
his parameter configuration is 22.5 m2 g−1. However, this value
s far from the highest one obtained in the model. This fact
ndicates that interactions between parameters play an impor-

ant role for the optimization of catalyst synthesis in terms of
SA. Notably, it can be seen in Fig. 5b that pH–N, c–T and
S–T interactions are the strongest ones. Because pH displays the
igher effect at level 1, it can be kept at this level; the same

s true for parameter c, moreover interaction pH–c has a posi-
ol process with different pH values of the synthesis medium, (a) pH = 11, (b) pH = 7

]
[OS] +

[
1.6 −1.6

]
[T] +

[
0.5 −0.5

]
[N]

3 2.3

−1

−1.3

⎤
⎥⎦ [T] + t[pH]

⎡
⎢⎣

−5.9 5.9

5.7 −5.7

0.2 −0.2

⎤
⎥⎦ [N]

S]

(5)

tive effect with this configuration; conversely, N has to be put

in level 2 in order to obtain a positive effect of the interaction on
the ASA, then, if c is kept at level 1, T has to be put at level 2; fur-
thermore OS could be put in level 1 or 2. Consequently, the best
result given by the model corresponds to the following parameter
configuration: pH(1), c(1), OS(1), T(2) and N(2). A value twice higher
(40 m2 g−1) is obtained, whereas the experimentally measured ASA
increases from ca. 30 to ca. 40 m2 gPt

−1. This parameter configura-
tion corresponding to the optimal one is fortuitously within the

DOE.

The oxygen reduction reaction in acid medium is used as model
reaction to evaluate the electroactivity of the PtCo/C catalysts. For
each catalyst the polarisation curves of oxygen electroreduction in
a 0.1 M HClO4 O2-saturated electrolyte are recorded with differ-
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Fig. 5. Graphs representing the influence on the ASA of the level: (a) of each param-

(9)

Reaction (8) is catalyzed by hydroxyl ions and activated by tem-
perature [19]. The increase of pH leads to favour acetaldehyde
formation. The increase of the acetaldehyde concentration, which
ig. 4. Typical cyclic voltammogram recorded at a PtCo (40 wt.%)/Vulcan XC72 cat-
lyst (v = 50 mv s−1, T = 20 ◦C, N2-saturated 0.1 M HClO4 electrolyte).

nt rotating rates of the ring-disk electrode from 400 to 2500 rpm.
ig. 6 displays the typical polarisation curves obtained with a
tCo/Vulcan XC72 catalyst prepared according to the experiment
o 4 of the DOE, as an example. First, it can be seen that the current
lateau at 2500 rpm, as an example, is close to 7 mA cm−2, which
alue corresponds to an oxygen reduction reaction pathway involv-
ng mainly four electrons to produce water. The calculated diffusion
imiting current density jl from the Levich law [31] according to Eq.
6) gives a value of 7.14 mA cm−2 for n = 4.

l = 0.2nF(DO2 )2/3�−1/6cO2 ˝−1/2 (6)

here n is the number of exchanged electrons per reduced oxygen
olecule, F the Faraday (96,500 C mol−1), DO2 the coefficient diffu-

ion of oxygen in 0.1 M HClO4 (1.7 × 10−5 cm2 s−1), � the kinematic
iscosity of the electrolyte (1.0 × 10−2 cm2 s−1), cO2 the oxygen con-
entration in the considered electrolyte (1.3 × 10−3 mol dm3) [32],

the rotation rate of the electrode and 0.2 the coefficient used
hen ˝ is expressed in revolution per minute [33].

Although the measured jl value is lower than the calculated one,
hich can be interpreted as a production of a few percentage of
ydrogen peroxide at high overpotentials, RRDE experiments did
ot allow detecting any hydrogen peroxide oxidation current at the
ing electrode (not shown). Second, the presence of cobalt, even at
very low atomic ratio (0.8 at.% in the present case) leads to greatly

ncrease the onset potential of oxygen reduction, which is a little
igher than 1.0 V vs RHE, whereas at Pt/C alone, the onset potential

s rather a little inferior to 1.0 V [7,34].
Kinetic current density jk at 0.95 V vs RHE, which is an appropri-

te estimation of the activity of the catalyst [33], can be evaluated
rom the Koutecky-Levich plots drawn from such polarisation
urves [34].

Results are given in Table 2. According to the matrix model
n Eq. (6), pH, temperature ramp and cleaning step are the three
ey parameters influencing the activity towards oxygen reduction
eaction. Initial concentration of metal salts seems astonishingly
o have only a little influence on the catalyst activity. However,
his parameter has very strong interactions with other parameters
T, OS and pH).

jk = 0.38 +
[

0.25 −0.15 −0.1
]

[pH] +
[

−0.01 0.01
]

[c] +
[

−

+
[

−0.08 0.08
]

[N] + t[pH]

[
0.01 −0.01
−0.13 0.13

]
[c] + t[pH]

[
0.05
−0.04
0.12 −0.12 −0.01 0.

+t[pH]

[ −0.22 0.22
0.2 −0.2
0.02 −0.02

]
[N] + t[c]

[
0.09 −0.09
−0.09 0.09

]
[OS] + t[c]

[
−0.1
0.16
eter pH, c, OS, T and N, (b) of each interaction between parameters pH–c, pH–OS,
pH–T, pH–N, c–T, c–OS, and OS–T (interaction level = 1 is for both parameter at level
1, interaction level = 1.5 is for one parameter at level 1.5 and the other one at level
1, interaction level = 2 one parameter at level 2 and the other one at level 1).

In this case, the best configuration of parameters is not affected
by the interactions between parameters. By considering only the
parameters in model (6), the best configuration to obtain higher jk
is pH(1), c(2), OS(2), T(1), N(2). This configuration leads also to the
higher calculated value of jk within the DOE (1.22 mA cm−2). The
measured value of jk with this configuration of parameters is of the
same order than the calculated one: 1.13 mA cm−2.

4. Discussion

In alkaline medium, ethylene glycol undergoes the following
reactions:

CH2OH-CH2OH � CH3-CHO + H2O dehydration reaction (8)

CH2OH-CH2OH + 2OH− � CH2O−-CH2O− + H2O pKa = 6.5
01 −0.05 0.05

6 0.16
−0.16

]
[T] + t[T]

[
−0.02 0.02
0.02 −0.02

]
[OS]

(7)
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ig. 6. Typical j(E) polarisation curves at different rotation rates recorded at a PtCo
40 wt.%)/Vulcan XC72 catalyst in an O2-saturated 0.1 M HClO4 electrolyte (T = 20 ◦C,
= 3 mV s−1, ˝ = 400, 900, 1600 and 2500 rpm).

s the reducing agent of the metallic salts (Eq. (10) in the case of Pt
alt), leads to the increase of the number of platinum nuclei, and
urthermore to the decrease the mean particle size [19].

tO2 + 4CH3-CHO → Pt + 2CH3-CO-CO-CH3 + 2H2O (10)

TEM characterization of catalysts indicated that smallest par-
icle sizes were obtained at pH 11; however, complementary
yntheses performed at higher pH (not shown) led to catalytic
owder with lower metal/carbon weight ratio (as determined by
GA) than that expected. Lowering the pH led to the formation
f anisotropic forms of metal nanoparticles (particularly rods), as
bserved by TEM (Fig. 3). Under these conditions, the concentra-
ion of glycolate is decreased (according to Eq. (9)); now, glycolate
pecies are supposed to act as surfactant in course of the metallic
article formation [20]. The lack of glycolate in the reaction medium
ay then be responsible of the anisotropic growth of the parti-

les. Mean particle size, higher than that obtained at pH 11, is the
ame for both pH 7 and pH 4. But, ASA and activity are quite differ-
nt for both pHs. Actually, the active surface areas are, in average,
igher for pH 4. This fact can be due to several reasons: it is possi-
le that at pH 7 the reduction of the metal salts, which are under
xide forms, leads to different particle surface structures than at
H 4 where metal oxides are not formed; however, one has to take

nto account the method for the counting of particles from TEM
hotographs. The lower is the pH, the higher is the proportion of
nisotropic forms and facetted particles (then the lower the propor-
ion of round shaped particles); it is likely that the estimation of the
article diameters leads to over evaluate the volume with respect
o the surface of the facetted or non-isotropic shaped particles; it
s also possible that the ASA, calculated assuming 210 �C cm−2 for
he desorption of a monolayer of adsorbed hydrogen at polycrys-
alline platinum, value determined from an average value of the
istribution of low Miller index crystallographic planes {1, 0, 0},
1, 1, 0} and {1, 1, 1} on a polycrystalline platinum surface [35], is
adly estimated in the case of anisotropic particles.

TEM observations indicated that the concentration of metal-
ic salts in the synthesis medium had also an influence on the
ean particle size of synthesized catalysts. A smaller mean particle
ize and a narrower size distribution were obtained with lowest
alt concentration. As the concentration decreases, nucleus den-
ity decreases, and the probability of collision and coalescence of
uclei is lowered, which allows better separating the growth pro-
ources 195 (2010) 1569–1576 1575

cess from the nucleation step, as shown by Nomura et al. [23]. But
the salt concentration has another influence. Actually, at pH 11 the
activity toward orr is only few altered by this synthesis parameter,
although the active surface area decreases when higher platinum
salt concentration is used. Therefore, the specific catalytic activity
of the catalyst synthesized with the highest platinum salt concen-
tration is higher. This can be due to the structure of particles, which
are bigger, with fewer defects and less strains.

The very weak influence of the OS parameter on the cobalt
composition of the particles was not expected. Actually, the cobalt
atomic fraction is a little higher when metallic salts are simultane-
ously added. This can be explained by considering that cobalt needs
the presence of seeds to grow. In this case, higher activity toward
orr was achieved although lower active surface area (and lower
mean particle size) was obtained than with catalysts prepared by
addition of platinum salt after 30 min at reflux. This can be due to
the higher content of cobalt in the catalyst.

On one hand, adding platinum after 30 min in the
EG + CoCl2 + NaOH mixture maintained at reflux, leads to the
increase of the active surface area and to the decrease of the mean
particle size. On the other hand, a slow rate of temperature increase
leads to lower particle sizes and higher ASAs. In both cases, a part of
water (coming from hydrated salts and ethylene glycol dehydration
to form acetaldehyde) is evaporated from the reaction medium.
Now, it is known that presence of water in course of the synthesis
is an important factor for altering the catalyst morphology [26].
Moreover, in the first case, reduction reaction of added platinum
salt occurs with a high kinetics due to the high temperature of the
reaction medium (197.3 ◦C). High reduction kinetics and dehy-
drated ethylene glycol seems to be the best configuration for
obtaining higher active surface area.

At last, the neutralization of the reaction medium before filtra-
tion of the catalytic powder appears to have a negative effect on
the active surface area and on the activity. It is possible that under
these experimental conditions, the surface of the catalysts becomes
oxidized, which leads to lower its activity towards orr [36].

From these remarks, to obtain a good compromise between the
ASA, the catalytic activity toward orr and a higher cobalt content
in the catalyst, a synthesis has been carried out under the follow-
ing experimental conditions: pH = 11 (level 1), c = 1 g L−1 (level 1),
OS = simultaneous (level 1), T = slow (level 1) and N = direct (level 2).
This parameters configuration is not within the DOE, and can then
serve as a confirmation experiment. The mean particle size was
estimated by TEM close to 3.5 ± 0.9 nm and the Co/Pt atomic ratio of
ca. 2.4%. Expected electrochemical performances, calculated from
the models with these parameters, give as results: ASA = 36 m2 g−1

and jk = 0.93 mA cm−2, whereas measured ones under the consid-
ered experimental conditions gives 40 m2 g−1 and 1.1 mA cm−2,
respectively. Experimental results are in very good agreement with
calculated ones from the models and are consistent with those
reported in Table 2, which shows the reliability of this DOE and
the good repeatability of such a synthesis.

5. Conclusion

In this work, we used a DOE based on Tagushi method to
optimize a polyol synthesis of a PtCo/C catalyst for PEMFC cath-
ode. The influence of different synthesis parameters has been
already discussed in the literature; however such a design of
experiments allowed exploring interactions between each synthe-

sis parameters. The knowledge and control of these interactions
between parameters are very important, notably when some syn-
thesis modifications are wanted or necessary, because they are
not insignificant. Furthermore, the establishment of a model from
Taguchi DOE allows predicting different characteristics of the cata-
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