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Abstract

Electrodes based on carbon-supported platinum electrocatalysts (Pt/C) have been studied in aqueous electrolyte electrochemical cells. T
electrodes are prepared from suspensions of commercial Pt/C catalyst, deposited onto a carbon-covered Pt disk. Three deposition methc
have been used, impregnation, spray and electrospray. The utilisation of Pt, i.e. the amount of Pt that really participates in the electrochemic:
reaction, was determined for each preparation method from measurements of the mass of Pt deposited on the electrode, and of the electroact
area of Pt. Higher utilisation rates are found on electrodes prepared by the impregnation method. The activity towards oxygen reduction ir
aqueous electrolyte was studied with the rotating electrode at different temperatures.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In principle, the platinum load in the electrodes can be
reduced to a limit when attaining maximum utilisation,
So far, electrodes based on platinum nanoparticles arei.e. the maximum amount of Pt atoms participates in
used for proton exchange membrane fuel cell (PEMFC), the electrochemical reactions with the highest turnover
but their cost may hinder the future generalisation of the frequency. High turnover rates, as well as low overvoltages,

technology. The cost problem, and even the supply of Pt, are electrocatalyst-dependent properties necessary for high

will be increasingly acute in the next years considering
that even the installation of state-of-the-art PEMFC of
the highest efficiency, with the lowest platinum content
(0.4mg Ptcm?) [1], in 10% of annually matriculated
cars worldwide (75« 10° U in 2001), would require more
than the annual production of Pt (170tonn§d) To deal

power fuel cells. If assuming that Pt atoms are able to
support turnovers rates until 10,000 atohs 1, which is a
maximum number typical for enzymatic sites, then a mono-
layer of Pt should be able to support the electrocatalysis for a
current density of almost 700 mA crf. This value is in the
range of currents demanded to present electrodes at 0.7 V.

with this problem research effort must concentrate on the Such estimation may conclude that an ultimate limit for the
reduction of the amount of Pt in the electrodes, as well as amount of Pt in the electrode is the amount of a monolayer,
the search for alternative electrocatalysts, notwithstanding 0.54ug cn2. However, this number must be increased if
other solutions like increasing Pt production, the search for considering that Pt is in the form of spherical particles of

new reserves and recycling technologies.

* Corresponding author. Tel.: +34 913466622; fax: +34 913466269.
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5 nm diameter, where about 10% of atoms are in disposition
to be catalytic sites (i.e. disregarding bulk and ‘buried’
atoms), to give a more realistic limit of 50+% cm~2. This

load is still one to two orders of magnitude below actual
loads and may be considered an objective for future Pt based
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electrodes. To attain such a reduction, the research efforts
must concentrate on electrode structures with maximum
utilisation and turnover rates, which is principally a matter
of location of Pt atoms and of their chemical environment.
For the electrode of a PEMFC, Pt is disposed in the form
of a dispersion of nanopatrticles on a highly porous substrate
where it is accessible to gas and liquid species. Different
methods for preparing nanoparticles and dispersions are
used, including chemical, electrochemical, electroless,
spray, dry methods, vacuum methods, [3-5]. Methods ol — 0
departing from a suspension of platinum supported on carbon 30 60 90 120 150 180 210 240 270 300
(PY/C) (‘ink’) are mostly used because carbon is highly T (°C)
conductive and inert, and gives to the Pt nanoparticles a high
resistance to sinterind]. The application of the suspension Fig. 1. Thermogravimetric analysis of a mixture of butylacetate, ethanol and
on the substrate is a key process that may have a stronglycerol (45/50/5) (BEG). The evaporation temperature of pure individual
influence on the electrocatalyst performance. For instances,to"sttuents is indicated with arrows.
the disposition of Pt/C particles inside the electrode may

differ and give different electroactive area, turnover rates, summarised ififable 1 The thermogravimetric analysis of
and electrochemical activity. the mixture BEG is given ifFig. 1, showing that complete

In this work, electrodes based on Pt/C suspensions de-evaporation and elimination is attained at 280) which
posited on carbon covered Pt substrate are studied as a fungs lower temperature than for glycerol. Except where indi-
tion of the deposition method. Three methods are studied, cated, Nafio solution (5wt%, Aldrich) was added to the
impregnation, spray and electrospray. Pt/C suspension aresyspensions as ionic conductor at the optimised proportion
prepared with two different solvents, one of them most sim- of 33 wt% referred to catalyst weigf#]. The suspensions
ple and easy to eliminate (isopropanol) and the other an opti-were applied by three different methods (see below) onto the
mised mixture of butylacetate, ethanol, and glycerol (BEG). surface of a rotating Pt disk electrode (Tacussel2 mm)
The second one is of interest because it is able to give longpreviously covered with a thin carbon black layer (Vulcan
lasting stability to the suspension necessary for large area deXC-72). The study was carried out inside a three electrodes
position processes. The influences of the deposition methodcell with a Pt wire as counter electrode, and an Ag/AgCl
and suspension solvent on the amount of electroactive Pt aregeference electrode (0.205V vs NHE) in contact with the
(Apy) are studied with cyclic voltammetf]. The activity of  electrolyte via a salt bridge. The electrode potential was
the electrodes towards the reduction of oxygen in aqueouscontrolled with a potentiostat (Autolab, Eco Chemie).
electrolyte is tested with the rotating disk electrode (rde) by ~ The methods studied for deposition of Pt/C suspensions
applying a thin film of the Pt/C suspension on the carbon- on the electrode are (a) impregnation, by simply putting

first derivative

1-1.5

G

covered platinum disg7]. some drops on the disk with a micropipette; (b) spray, by
painting the substrate with an airbrush (Vega System) using
2. Experimental N2 as carrier; and (c) electrospr8] with a set up including

a silica capillary (10Qum diameter), a needle and a voltage

The suspensions of Pt/C powder (E-TEK, 20wt%, source (Bertran, Model 205B-10R) to impose a dc voltage
13Orr?g;31t, 250n’?g‘T1) were prepared using two different of 3300—4000V between the needle and the substrate. For
solvents, (a) isopropanol and (b) a mixture of butylacetate, electrospray deposition the substrate is placed oX-an
ethanol and glycerol. Isopropanol was chosen becausestage (Physik Instrumente), and the suspension is deposited
it is most simple and easily eliminated after deposition in successive sweeps during about 15-30 min over a$cm
of the catalyst. On the other hand, BEG is an optimised surface area and under the heat of an infrared lamp. More
mixture of solvents that allows for more stable and long details of the technique are given in another communication
lasting suspension without formation of agglomerates of of this volume [10]. For quantitative measurements the
particles. This second solvent is intended to be used foramount of Pt deposited on the electrode was determined by
large area deposition. Different properties of the solvents aremeasuring the weight of a single drop of the suspension,

Table 1
Density ¢), viscosity ), dielectric constantef, conductivity ), and evaporation temperatur@efap) of the two solvents, isopropanol and butylac-
etate/ethanol/glycerol (BEG), used in this work for the preparation of Pt/C suspensions

Composition 8§ (20°C) (genT3) 1 (20°C) (mPas) £ (25°C) « (25°C) (uScntl) Tevap(°C)
Isopropanol 0.803 1.91 18.3 1.59 82.4
Butylacetate/ethanol/glycerol, 45/50/5 (BEG) 0.869 1.67 14.5 0.92 117/7/290

@ See the thermogravimetric analysisHig. 1
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Fig. 2. Voltammograms of Pt/C electrodes prepared by the impregnation gjg 3. \oltammograms of a PUC electrode under variable sweep rat€, 25
method from two different suspensions, one using isopropanol and the g 5\ HClO,, N, saturated electrolyte. Scale factors are indicated.
other using BEGw = 800 mV s, 25°C, electrolyte HCIQ 0.5M. The

Pt load measured by weight determination for each electrode was 0.007 and 1680 8
0.068 mg cr? for the isopropanol and the BEG suspensions, respectively. 1470.] 17
) . o~ 1260+ 16
and/or by measuring the change of mass of an Al foil used £ 1050 5 —
. 7 T sV
as test substrate. Once deposited, the electrodes were heated E
at 60°C overnight to eliminate the rest of the solvent. 2 %0 14 =
S 630 1s @
¢] 1 —=—15Va00V <
3. Result 420 —0—0.8Va0.0V 12
. Results
210{ ® 11
3.1. Determination of the electroactive area (Ap;) 01~ 0

0 100 200 300 400 500
It is accepted that the electroactive area of a Pt elec- V(mVsT)

trode can be determined from the adsorptlt_)n/desorptlon Fig. 4. Electroactive area measured for a Pt/C electrode using different po-
charge of hydrogen atoms measured by cyclic voltamme- igytia) range limits. Other conditions are asig. 2

try in aqueous solutionHig. 2). This charge is attributed to

the adsorption/desorption of one hydrogen atom per Pt sitefound, as shown irrigs. 3 and 4At low v, a decrease in
(Pt + H* + e~ = Pt—H), which for a polycrystalline sur-  the desorption charge, which is considered an artifact due
face, amounts approximately to 2AC cm2 after double to the massive evolution of HFig. 3). Such effect may be
layer charge subtractigh3]. The voltammetries were carried  avoided either by choosing more positive cathodic limit, but
out in HCIO4 0.5 M, previously degassed with,Nbubbling this could give rise to underestimation of the charge, or using
during 30 min, and the hydrogen desorption charge was mea-higher sweep ratesig. 4 also shows that the anodic limit
sured for area determination, instead of the adsorption chargeof the voltammetry influences the measurememmgf The

or the average of the two charges, because it was found betarea becomes a function ofwhen using high positive limit

ter defined and less affected by parallel processes (Pt oxidg(1.5V versus Ag/AgCl) due the formation of the Pt—O alloy
reduction may overlap with the adsorption charge). Optimal [11]. Based on these results the conditions chosen for mea-
experimental conditions were determined previously. An ef- suring the electroactive area were 0.8—0.0 V versus Ag/AgClI
fect of the sweep velocityv] on the desorption charge was interval at a sweep rate= 800 mV s 2.

Table 2
Results of Pt load, total estimated Pt arég)( measured electroactive aretyf), and Pt utilisationpy) for electrodes deposited from Pt/C suspensions using
different solvent compositions and methods

Solvent Deposition method Pt load (mgcfy Ae (cr?) Apt (cm?) npt (%)
BEG Impregnation a1 45 3.6 80
BEG? Impregnation ®B1 126 7.4 59
Isopropandt Impregnation B0 121 3.3 27
Isopropanol Impregnation .09 74 35 50
Isopropanol Electrospray .@6 19 0.8 40
Isopropanol Electrospray .@6 Q25 0.1 40
Isopropanol Spray .03 12 0.3 25

a Without Nafion solution.
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Table 3

Results of the kinetic analysis for oxygen reduction corresponding to Pt/C electrodes prepared by different metho@s, at 25

Solvent Deposition method ~ Ptload (mgth n7at0.0V b (MmVdecl)atV<0.7V  kror (n=4) (arts1) Eact (kI mol 1) at
at0.55Vv 0.55V

Isopropanol  Impregnation 0.007 3.2 154 .70 9

BEG Impregnation 0.068 29 122 R:Y) 33

BEG Spray 0.025 2.8 128 .6 43

BEG Electrospray 0.035 2.0 137 .0D6 27

Number of electronsi), Tafel slope §), turnover frequency if assuming=4 (ktor), and apparent activation enerdiygy). Potentials referred to the Ag/AgCl
electrode (0.205 vs NHE).

Table 2showsAp; values for electrodes prepared from is possible to estimate the Pt utilisatiofp):
Pt/C suspensions using two different solvents (BEG and A
isopropanol), and three deposition methods (impregnation, np; = 100 x P Q)
spray and electrospray). The Pt load put in the electrodes is Ae
also included in the table, as well as the resulting total areaValues ofyp; are also included iTable 2 The results are
of Pt (Ae), calculated for a distribution of spherical particles affected by a certain experimental error (that we estimate
of 5nm diameter. From both areas, electroactive and total, itaround 10%) due to the manual manipulations and the

Fig. 5. SEM images of Pt/C electrodes, deposited by impregnation of isopropanol suspension (a), BEG suspension (b), by spray of BEG suspension (c) and
electrospray of BEG suspension (d).
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extremely small amounts of Pt to be measured. The values L e L e e e
given are the most representative from all the electrodes
prepared. ]

The morphology of the electrocatalyst films from Pt/C 14
suspensions using isopropanol and BEG is shown inthe SEM

images ofFig. 5. Most important differences seem to be due Ng -2 1

to the solvent used, obtaining more porous structure with € 5l ]

isopropanol suspension. The deposition methods, ontheother =~ |

hand, give apparently similar morphologies. -4 _
-5 4

3.2. Study of the oxygen reduction reaction with rde

01 00 01 0.2 0.3 04 05 06 0.7 0.8
The rde technique is useful to test the behaviour of the V (V vs Ag AgCl)
electrocatalyst under normalised hydrodynamic conditions
in a liquid electrolytd12]. The current is a linear function of
the square root of the rotating speed [12]:

Fig. 6. Voltammogram of a Pt/C rde electrode in HZI®.5M solution
saturated with oxygen at 2&, 50 mV s’ sweep rate and 1000 rpm.

i = B*oY? = 0.62n FAc*Dé/fv—l/%l/z (2) values given inTable 3are calculated using approximated
values forCg, (0.3x 1073M), v (0.01cnfs™1), and Do,

whereB" is a constant under mass transfer limiting condi- (10 °cm?s™1).

tions[12], depending on the diffusion coefficient of oxygen ~ The variable rotation speed allows to decompose the re-

(Do,), the number of exchanged electrons in the reaction sistance of the electrode into two series terms, the kinetic

(n), the Faraday constanf), the geometric area}, the vis- resistance and the diffusion resistafit®, 14}
cosity of the solutiony), and the bulk concentration of20
molecules ). With precise values of the other parameters 1 _ 1 n 1 3)
it is possible to obtaim from the slope of versusw!’2. The i ik Bowl/?
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Fig. 7. Rotating disk electrode (rde) voltammograms of four different Pt/C electrodes deposited by impregnation (a and b), spray (c) andye(dgtrospra
using isopropanol (a) and BEG solvent suspension (b—d). Other conditiot®; 88 mV s 1, 0.5 M HCIOy, O, saturated electrolyte. The current densities are
related to the geometric area of the disk. Rotation speeds (rpm) indicated in each figure.
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Fig. 9. Plots of the kinetic curreniy] for oxygen reduction obtained from the analysisFig. 8 (see also Eq(2)), in the temperature range 25-85.
Temperature®C) indicated in each figure.



wherei is the total currentiy the kinetic current (both mea-
sured over the geometric area of the electrodehe angular
rotation speed andl (= 0.621 FA(Cg, — C3,)DE3v 1) is
now potential dependent through the factﬁgs - CcS>2) for
overpotentials in the non-limiting diffusion ran{f2,15] A
third term could also be introduced in E&) to account for
the resistance of the Nafion film to the transport of species
(1/i5) [6], but the thickness of the film formed is well below
the 0.5um limit to have an influence.

The rde voltammogram changes significantly from the
anodic to the cathodic sweefFig. 6). The difference is
mainly due to two effects, the double layer charging current,
which is constant in this voltage range£ Cqv, whereCy is
the capacitance of the double lay&R]), and the formation
of Pt—0O in anodic scan followed by reduction in the cathodic

scan. Both effects superimposed to the oxygen reduction

current. In order to study the reduction of oxygen without
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Fig. 11. Values of the kinetic currenixf as a function of 100@7, at
V=0.55V vs. Ag/AgCl applied voltage, for oxygen reduction in HZIO
0.5 M, for four different Pt/C electrodes.

values can be obtained as a function of temperatice 10).

interference, the anodic sweep is measured until a potentialit is also possible to perform the analysisigras a function

just before the formation of the oxid& € 0.7V Ag/AgCl),

and the double layer charging current is subtrackeg. 7
shows results for the reduction of oxygen in acidic medium
at 25°C at different rotation rates, on four Pt/C electrodes
deposited by impregnation using isoproparfeb( 7a) and
BEG suspensiong-{(g. 7b), and by sprayKig. 7c) and elec-
trospray Fig. 7d) using BEG suspension. In each case, the
electrode was submitted to a cyclic voltage betweér? and
0.7V, from which the anodic sweep is taken. The amount of
Pt deposited in each electrode is giveTable 3 Plots of 1/
versusw 2 are shown irFig. 8for the different electrodes.
Alinear dependence is obtained as predicted by BEgwith
decreasing slope at more cathodic potentials until a limiting
value corresponding to the diffusion limited regime (see
above). From this analysis, the value of the kinetic current
(i) is obtained from the intercept with the ordinate axis (Eq.
(2)). Similar analysis was carried out at different tempera-
tures, from 25 to 68C (not shown). The resulting values of
log(ix) as a function of the applied voltage and for different
temperatures are plotted fig. 9. The curves show a linear
dependence at low overpotential from which Tafel slopes

160 1 |
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o
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E o
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Fig. 10. Values of the Tafel slope as a function of temperature for oxygen
reduction in HCIQ 0.5 M for four different Pt/C electrodes.

of the inverse absolute temperatuFéy. 11). In this case, the
apparent activation energie€.6t= (d log(k)/dT—1)/2.3R)
can be obtained from a linear fit. A resume of the re-
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Fig. 12. Disk current (a) and ring current (b) of three Pt/C electrodes de-
posited by three different methods. Ring voltage 0.8 V Ag/AgCI. Rota-

tion rate 2400 rpm. Other conditions: 60, 50 mV s, HCIO4 0.5 M.
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sults obtained from the analysis ¢f values is given in  12g|opes, reflect differences in the oxygen reduction among

Table 3 the different electrodes. This reaction may proceed partially
Further information is obtained from experiments where to H,0,, or completely to HO:

the ring current is also monitored. This currentis related with

the production of a species on the disk that are able to reactO2 +2H" +2e” — Hy0; (4)

electrochemically on the rinfl2]. Particularly in oxygen O, +4H* + 46 — 2H,0 (5)

reduction studies, the detection of hydrogen peroxig&Xhl

is of interest because it is an intermediate which presence The partial reduction (reactiof)) is a result of uneffi-

denotes that the reaction is not proceeding completely (seeCient electrocatalysis that gives rise to voltage and current

reaction (4) below). The presence of hydrogen peroxide losses in PEMFC. The closer the valuenofo 4, the more

is monitored by polarising the ring whose polarised at predominantis the complete reduction (reacff@)). Results

oxidative voltage (0.8V versus Ag/AgCIFig. 12 shows in Table 3show that this is more the case for the electrodes
the disk current and ring current corresponding to three deposited by impregnation, whereas electrodes deposited by
electrodes prepared by different methods. spray and electrospray show lower electrocatalyst activity

with increasing predominance of two electrons reduction.
. . The same conclusion is attained when looking at disk-ring
4. Discussion results Fig. 1. The molar fraction of HO», X(H202), can
be calculated from disk and ring curreid,and;, respec-

4.1 Ptutilisation tively, based on the reaction scheme of Eg3and(5) [7]:

The value ofAp; obtained from hydrogen desorption I/N
voltammetry is attributed to the area of Pt in contact with the X(H202) (%) = 100 x Zm (6)
electrolyte which effectively catalyses the electrochemical
reaction. A recent work has shown that this method also mea-
sures the Pt surface that is not in contact with the electrolyte
but that can be reached by soluble H atoms (6) ¥a an
uninterrupted Pt patfi6]. Although it is not clear if this sec-
ond contribution is also electrocatalytic, however, it is surely . ;
less important for nanoparticulated Pt electrodes where s:uchObtaInEd fpr the d|ﬁerent electrodes. L
a path is difficult to be established. Hence, it can be assumed More 'information about electrocatalysts activity is

that the area measured by hydrogen desorption correspond%,ovideOI bﬁkllgarlam?:t_er gbt_arihned from an egtrapol;tionlof
to the Pt surface in direct contact with the electrolyte. 1 VErsus plot (Fig. 8. This parameter depends only

The results inTable 2show the influence of the compo- on the charge transfer kinetics, and is directly related with

sition of the suspension and the deposition method on pttNe turnover frequencyktor), i.e. the number of oxygen
utilisation. The addition of Nafidh solution in the suspen- molecules reduced per second and Pt &ttt

sion increases the utilisation of Pt, which is a well-known j, — neNgkrop 7)
effect attributed to improved Pt-membrane confag}. Also ) _

Nafior® is a binder to the Pt disk substrate that avoids the Wheren is the number of electrons involved (we take 4
detachment of particles and loss of catalyst. Among the de-Which is most probable for small overpotentiglS]), e the
position methods, the impregnation gives highest percentagef!€ctronic charge, anis is the number of surface Pt atoms.
of Pt utilisation. The electrospray and spray techniques give . . . , . l T
more reproducible results but medium or low Pt utilisation. 74 g
Results inTable 2also show that the suspension made with electrospray

BEG solvent gives higher utilisation, which must be due to

whereN (=0.236) is the experimental collection efficiency of
the ring.Fig. 13shows more important production of hydro-
gen peroxide on the electrodes deposited by spray and elec-
trospray, which is indicative of the two electrons reduction of
oxygen. These results are in accordance with the values of

6 - - - - spray 4
®— impregnation

some loss of Pt to the electrolyte when using isopropanol. 5 .
4.2. Oxygen reduction on the Pt/C electrodes 2
= 3 - 4
x
Oxygen reduction on Pt is a reaction very dependent on 5] |
the state of the electrode surface, in particular on the presence
of oxides[21]. From the experimental procedure followed in L T
this work, where anodic sweeps are taken after cycling in 0L e —— :
potential ranges before oxide formation, it may be assumed -0.1 00 0.1 02 03 04 05
that Pt nanoparticles are in the reduced state, without oxide on V (V vs Ag AgCl)

their surfaces. Afirstinsightinto the electrocatalyst efficiency
can be obtained from the value af number of electrons
exchanged. The values fable 3 calculated from versus

Fig. 13. Molar fraction of HO, produced by three Pt/C electrodes, calcu-
lated fromFig. 12
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Fig. 9 showskTor values as high as 50dts ! for the im- electrocatalytic activity for oxygen reduction, as reflected by
pregnation method with isopropanol as suspension solvent,higher turnover rates and electronic exchange number, and
which are values similar to that observed before on Pt/C lower hydrogen peroxide production.
electrode$14]. Electrospray gives sensitively lower turnover ~ As a final conclusion, the estimation made in Sectlon
frequency indicative for less efficient electrocatalysis. about the still possible reduction of Pt load to 5@sghcn 2

Fig. 10shows the dependency of Tafel slopes, obtained was done on the basis of turnover rates of 10,00bst?.
from the fromiy values, with temperature, for the different However, turnovers above 1007ais™* are not attained with
solvents and deposition methods. The values are in the rangdt/C electrodes, as shown by the results given here and by
of 140-120 mV decl, typical for oxide free Pt electrodes at  Others[14]. On the other hand, the utilisation of Pt seems to
these potentiali20], with some decrease with temperature. be close to the maximum. Therefore, it may be concluded that
Temperature dependent Tafel slopes are not always found forthe reduction of the Pt content resides more in increasing the
oxygen reduction on Pt, and when observed, have been atturnover frequency of Pt sites than improving the disposition
tributed either to a change in the mechanism affecting the Of particles.
structure of the activated compl¢20], or to the effect of
orgz?mic impuriti_es on the _catalyst [3]. For the electr_oo_les Qe- Acknowledgement
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