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Abstract

When comparing the rate of electrochemical processes at different porous electrocatalysts a surface normalization
should be used. It is shown for the case of methanol oxidation at PtRu layers electrodeposited on gold substrates
that substantially different data are obtained for current, mass spectrometry signals and integrated IR band
intensities of the products, with and without normalization of the catalyst surface used. Using stripping of saturated
CO coverage as a normalization tool, cyclic voltammograms, on line MS and in situ FTIR spectroscopy give

reasonable agreement of catalytic activity towards methanol oxidation.

1. Introduction

In comparing different electrocatalysts with respect to
their effect on reaction rates, it must be ensured that data
obtained refer to the same number of reactive surface
sites. In many fundamental investigations this condition
can casily be fulfilled as, for example, when using well-
prepared single crystals surfaces [1, 2]. For smooth
polycrystalline metals or alloys [3, 4] the problem may
not be critical if caution is taken that the roughness factors
of the surfaces remain low. The other extreme is large area
electrodes as used in technical electrolysis and also in fuel
cells stacks. The practical interest in this case is concen-
trated on the rate of reaction per amount of catalyst used,
for example, in mA per mg noble metal [5, 6].

In the field of applied electrocatalysis a large number of
studies have focused on the optimization of structure and
composition of porous active surfaces [7-10]. Depending
on the preparation procedure, samples of different
composition, basically prepared according to the same
method, may differ in their effective surfaces by more than
a factor of two. In such a case the catalytic activities can
only be compared if the experimental data are normalized
to the respective effective surface. Typical examples are
studies on the performance of large area porous electrodes
as used for fuel cells operating with liquid fuels. Of special
interest is the search for a catalyst suitable for methanol
oxidation. In this case, several binary catalysts such as
PtRu [11-13], PtRh [14, 15], PtSn [14, 16], PtWO; [17],

PtMo [18, 19], and also ternary systems [20, 21], have been
compared. The preparation procedure, either codeposi-
tion or sputtering of the metal components, normally
results in a high surface roughness. In some cases
technical porous electrodes of particularly large real area
have been used [22].

In this work we intend to show, by using codeposited
PtRu layers of different metal compositions for the
electrooxidation of methanol as an example, that for
correct comparison of data, surface normalization is
essential. The stripping of saturated CO adlayers is used
to normalize three rate dependent parameters: the
oxidation current, the formation of CO, as measured
via online mass spectrometry (DEMS) [23] and in situ
FTIR spectroscopy [24]. It must be emphasized that in
the case of PtRu deposits the determination of the real
surface area by stripping of a hydrogen adlayer is not a
suitable alternative. In this case, due to the strong
adsorption of CO on PtRu, saturated CO adlayers can
be used as a measure for the active surface.

2. Experimental details

2.1. Electrodes

A reversible hydrogen electrode (RHE) in the electrolyte
solution and a platinized Pt foil were used as reference

and counter electrode, respectively. For FTIR measure-
ments, the working electrodes were obtained by potent-
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iostatic deposition of Pt or codeposition of Pt and Ru
onto a smooth Au substrate (a disc of 0.38 cm?
geometric area, previously polished to a mirror finish-
ing). For DEMS the electrodeposits were made on a
gold layer (1.13 cm? area, 50 nm thickness) prepared by
gold sputtering onto a SCIMAT® membrane (thickness
60 um, mean pore size 0.17 um, 50% porosity). All
electrodepositions were performed in a 1 M HCIO4
solution containing the appropriate amount of Pt and
Ru salts for 5 min at 0.2 V vs RHE.

The atomic bulk compositions of the electrodeposited
electrodes were measured by EDAX (energy dispersive
analysis of X-rays) and are listed in Table 1.

2.2. Chemicals, solutions

Solutions were prepared with Millipore-MilliQ® water
and analytical grade HCIO4 acid (Merck), methanol
(Merck), H,PtClg.6 H,O (Aldrich) and RuCl;.3 H,0
(Aldrich). The CO 99.9 and N; 5.0 were used.

2.3. FTIR measurements

FTIR spectra were obtained with a Brucker IFS 66
spectrometer provided with a liquid nitrogen cooled
MCT detector. A glass cell fitted with a prismatic CaF,
window was used. Each single beam spectrum was
computed after averaging 256 interferometer scans taken
with 8 cm™! resolution at different potentials in the
range 0.2-0.9 V. The spectra are presented in the form of
the reflectance ratio R/R, of a single beam spectrum,
R, obtained at a given potential and a reference
spectrum, R,, obtained at 0.2 V. Only p-polarized light
was used.

2.4. DEMS measurements

A computer controlled quadrupole mass spectrometer,
MKS Instruments was used for the DEMS measure-
ments. Details of this method are given elsewhere [23,
25]. Briefly, the method allows the online detection of
volatile and gaseous products of electrochemical reac-
tions during the application of a potential scan. The
electrochemical cell was constructed according to the
principles described in [26].

In a typical DEMS experiment the current against
potential curves (cyclic voltammograms (CVs)) are
recorded simultaneously with the mass intensity vs.

Table 1. Obtained normalization factors from the prepared electrodes

potential curves (mass spectrometric cyclic voltammo-
grams (MSCVs)), for selected values of m/z (mass/
charge) ion signals. The potential was cycled in the
range 0.05-0.90 V and the scan rate was 0.01 V s~

2.5. Normalization procedure

Taking as a common system the oxidative stripping of a
saturated CO monolayer, normalization factors were
calculated for each of the measured parameters. For this
purpose the CO saturation coverages were achieved by
bubbling CO for 5 min at 0.2 V followed by bubbling
N, for 10 min in order to eliminate dissolved CO.

For the voltammetric currents of cyclic voltammo-
grams we took the charge, O, (Figure 1(a)) necessary
to oxidize a CO monolayer. For the mass spectrometry
signals we integrated the corresponding signal, Oy, for
the CO;, (m/z = 44) produced during CO stripping, as
shown in Figure 1(b). Similarly, the IR band intensities
were normalized using the integrated band intensity for
the CO, produced after total oxidation of a saturated
CO adlayer. In this case CO was adsorbed at 0.2 V and
oxidized by applying a potential step to 0.7 V at which
CO can be completely eliminated from the surface
(spectra 2, 3 etc., of Figure 1(c)). Taking a sequence of
30 scan spectra, the band intensity for CO, (2341 cm™!)
increased, passing through a maximum value after
about 30 s (spectrum 5, Figure 1(c)) and began to
decrease slowly after about 60 s. These changes indicate
that the complete oxidation of the CO monolayer
requires a given time, which is probably longer due to
the thin layer configuration in the IR experiment. Slow
diffusion of CO, to the solution outside the thin layer
causes a subsequent decrease in the band intensity. The
maximum value for the integrated band intensity (as
indicated in spectrum) was used as a normalization
factor for the amount of CO, produced during alcohol
oxidation [24].

All data were taken at room temperature. The values
of the normalization factors obtained by the described
methods are listed in Table 1.

3. Results and discussion

3.1. DEMS results

Cyclic voltammograms for methanol oxidation on
electrodeposited Pt and PtRu are shown in Figure 2(a).

DEMS

FTIR

Normalization
factor for CVs
(Qox value/C)

Electrode

compositions for MSCVs

Normalization factor

(Om value/107" C)

Normalization
factor for IR
band intensities/a.u.

Electrode
compositions

Pt 0.0121 3.639
PtgsRuy, 0.0270 1.834
Pt;sRuss 0.0173 0.7084
PtgsRuss 0.0163 0.9113

Pt 1.289
PtooRuyg 6.369
Pt75RU25 3.506

Pt(,3RU.37 7.062
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Fig. 1. Determination of normalization factors. (a) CV of CO oxidation on porous platinum (DEMS electrode) at 10 mV s~!, showing the
charge Q,x obtained after oxidation of the saturated CO overlayer. (b) CV of online mass signals of CO oxidation as in Figure 1(a). The
integrated signal Oy, serving as normalization factor. (c) FTIR spectra (base line corrected) of CO oxidation at deposited Pt on smooth gold in
0.1 M HCIOy at different potentials and time (see text), the integrated intensity maximum of CO, was used as normalization factor.
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Fig. 2. Cyclic voltammograms of methanol oxidation at different PtRu electrodeposits on sputtered gold, 0.1 M CH3OH in 0.1 M HClOq,

10 mV s~!, geometric surface 1.13 cm?, (a) without normalization, (b) normalized as described in paragraph 2.5 (Figure 1(a)), dividing the
current by the corresponding Q. value (Table 1).

The corresponding normalized CVs are shown in Figure range 0.4-0.6 V, is Pt;sRuys > PtggRujg > PtgsRuss >
2(b). It is seen from the plots in Fig. 2a that the Pt. The normalized CVs in Figure 2(b) again exhibit the
increasing order for the observed current in the potential highest current data for Pt;sRujs, as in the case of the
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not normalized data; however, the two other alloys have
almost the same catalytic activity.

In Figure 3 the mass signals for CO, production
during the potential scans of Figure 2 are shown.
Considering that CO, is by far the main product of
methanol eletrooxidation, it should be expected that the
order of activities determined by the m/z = 44 signal
and by the electrochemical currents are the same.
However, a comparison of Figures 2(a) and 3(a) and
Figures 2(b) and 3(b) shows that the same order of
activities is achieved, only for normalized signal plots.
The normalized plots of currents and mass intensity
signals clearly agree with Pt;sRuys being the best
catalyst, the two other alloys showing, within the error
of the measurements, about the same activity. These
results indicate that the microstructure of the porous
(DEMS) electrodes is an uncontrolled experimental
parameter; it is an intrinsic property of each electrode.
The specific structure determines the number of active
sites per geometric surface and, therefore, the current. In
the case of DEMS electrodes the mass signals are
proportional to the electrochemical current [23, 25];
however, the proportionality factor is not the same for
different electrodes. Even using the same procedure for
electrode preparation, the final surface roughness and
microporosity may differ from one electrode to the
other. Also the composition and total amount of
electrodeposited material may influence the porous
structure of the electrode, thus affecting the permeability
to the gaseous products. It is found experimentally, that
the proportionality factor between current and mass
response is an intrinsic property of the electrode. This is
another reason for distinct normalization factors.
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3.2. FTIR results

The potential dependence of the integrated band
intensity for CO, production during methanol electro-
oxidation is given in Fig. 4a, b, without and with
normalization, respectively. According to Figure 4(a)
the PtgyRujg electrode presents the highest band inten-
sities and is apparently the most active one, followed, in
descending order, by the Pt;sRups, Ptg3;Rus; and Pt
electrodes. This result does not agree with either the
normalized or non-normalized data in the CV and
MSCYV experiments of Figures 2 and 3. The normalized
IR data (Figure 4(b)) show that for the 0.3-0.6 V
potential range the order of activities is Pt;sRuys >
PtogRujg > PtgzRus; > Pt. Above 0.7 V the Pt electrode
becomes the most active one, as is already well known
and also shown above by the CV and MSCYV results.
These IR results are in good agreement with the order
of electrode activities obtained from normalized CVs
and MSCYV data except for the fact that IR data show
differences in the behaviour of PtgyRu;y and Ptg3Rusg,
which are more pronounced than the differences shown
by DEMS for PtgsRuj4 and PtgsRuss (Figures 2 and 3).
Apart from differences in texture (see Section 2.1) and
exact composition of the electrodes, DEMS and in situ
FTIR present more significant differences. The compar-
ison between the results of both methods can be done
only with certain restrictions. IR spectra were collected
over a period of about 1 min, during which the potential
was held at a given value. Carbon dioxide produced at
each potential is trapped in the cavity of the thin layer,
thus producing an accumulation effect on spectra taken
in a sequence of potential steps as in the present case. In
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Fig. 3. Cyclic voltammograms of methanol oxidation as in Figure 2, but taking off online mass signals m/z = 44 using DEMS, (a) without
normalization, (b) normalized as described in paragraph 2.5 (Figure 1(b)), dividing the mass intensities of Figure 3(a) by the values of Qy,.

(Table 1).
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Fig. 4. Potential step voltammograms of integrated FTIR band intensities of CO; (v = 2341 cm™!) during methanol oxidation at different PtRu
electrodeposits on a smooth gold surface. 0.1 M CH3;0H + 0.1 M HCIOy, 256 scans, 8 cm~! resolution. (a) Without normalization, (b) with

normalization according to paragraph 2.5 (Figure 1(c)).

contrast, during a DEMS experiment, CO; is continu-
ally pumped away, so that as the potential increases the
MS response ‘differentially’ increases with the current.
On the one hand, the mass signal is directly proportional
to the number of molecules reaching the ion source. On
the other hand, the reflectance ratio, R/R,, for species in
solution (as, in this case, CO;), follows the Lambert—
Beer law, thus being an exponential function of the CO,
concentration. This explains the better resolution of
FTIR as compared to DEMS.

In summary, the normalized plots show that at room
temperature from all electrodes tested here, the one with
25% Ru bulk composition has the highest electrocata-
lytic activity in the potential range 0.4-0.6 V, the Pt
electrode being the best above 0.7 V. As shown by
Gasteiger et al. [27], in addition to atomic distribution,
temperature and methanol concentration do also affect
the position of the maximum in respect to PtRu
composition. Using UHV well prepared alloys, experi-
mental data with a high activity near the above PtRu
composition have been reported [27, 28]. In this case
normalization based on the geometric area of the
electrode alone is acceptable.

Nevertheless, a word of caution is necessary. When
comparing activity data of ‘deposits’ and ‘alloys’, it has to
be considered that the atomic surface distribution for a
given PtRu composition may be quite different for the two
metal surfaces. This can have an influence on the reaction
rate and, therefore, also on the position of the maximum
in the plot of activity versus PtRu composition.

4. Conclusion

Monitoring different responses such as current, MS
signals and FTIR band intensities make it possible to

follow the rate of reactions, as in the present example
methanol oxidation at porous PtRu layers. The results
obtained agree very well for the three methods used only if
the data are normalized to the active real surface of the
electrodes. As a normalization procedure for the study of
Pt-based porous catalysts, the oxidative stripping of a CO
layer at saturated coverage seems to be very suitable.
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