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program? to obtain the coordination number (N), the bond
distances (R), the Debye-Waller factor (Ao?), and the edge
energy shift (AE). In these fittings, the limits of the radial
coordinate space were chosen such that they coincide with
nodes in the imaginary part of the complex Fourier
transform.!” The corresponding values for Ak and Ar are
summarized in Table 1. Figure 6 shows the fits in r space
for the real and imaginary parts of the Fourier transform for
the Pt-V/C electrocatalyst and Table 2 presents a summary
of the physical parameters for all samples obtained at
—0.7 V vs. Hg/HgO. For the theoretical calculations for
Pt/CasS 02 value of 0.81 was used, and this was obtained by
fitting the results for the bulk Pt foil. For the metal alloys,
this parameter was iterated together with the other
variables, resulting in values close to 0.7.

Table 1. Fourier transform ranges of the forward and inverse trans-
forms (k* weighted) for Pt/C and Pt-M/C electrocatalysts

Electrocatalyst Ak / At Ar/ A
Pt/C 2.92 - 12.25 1.73 - 3.31
Pt-V/C as received 3.02 - 12.13 1.66 — 3.29
500 °C 3.03 - 12.13 1.65 - 3.27
850 °C 3.04 — 12.54 1.65 - 3.27
Pt-Cr/C 277 - 11.94 1.58 - 3.30
Pt-Co/C 3.25 - 11.05 1.24 - 3.36

In Table 2 it is noted a slight decrease in the Pt-Pt
interatomic distance in the Pt-M/C materials, compared to
Pt/C, while the Pt-M bond distances are even smaller,
particularly when M = Cr and Co. This indicates shrinkage
of the Pt crystalline structure, this being one of the effects
of the incorporation of a second metal atom with smaller
radii in the Pt fcc crystals. The ratio of N, ,, / N, , indicates
real compositions of ca. 1:0.15, 1:0.9 and 1:0.6 (Pt:M) for
the as received Pt-V/C, Pt-Cr/C and Pt-Co/C materials,
respectively. In the case of Pt-V/C (and at lower extent for
Pt-Co/C) it is seen that only a fraction of the non-noble
metal atoms is alloyed with Pt, while the other atoms must
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Figure 6. A first-shell fit of Pt EXAFS (k* weighted) for Pt-V/C in r
space: (solid line) experimental FT; (dotted line) experimental FT
phase; fit of (@) FT amplitude and (O) phase.

be forming an amorphous oxide phase, as already proposed
based on XRD (X-ray diffraction) results.** The small
incorporation of the V atoms explains the little effect on
the Pt-Pt bond distance observed for this material (Table
2). The heating treatment leads to some incorporation of V
atoms in the Pt lattice, but the final proportion does not
exceed 1:0.2 (Pt:V).

Electrochemical characteristics

Cyclic voltammetric profiles are shown in Figure 7 for
the different Pt alloys. The results show the typical
behavior regarding the hydrogen and the oxide regions of
Pt/C and Pt alloys in alkaline solutions.”® The comparison
of the results (Figure 7a) evidences a small shift to anodic
directions of the platinum oxide reduction peak positions
for Pt-V/C and Pt-Cr/C, compared to Pt/C. In the case of
Pt-Co/C, this phenomenon could not be observed, because
of the presence of a redox pair located at around —0.2/
—0.5 V, assigned to an oxi-reduction process involving

Table 2. Results of in situ EXAFS analyses for the carbon supported Pt-M/C electrocatalysts at —0.7 V vs. Hg/HgO

Electrocatalyst Coordination Shell N R/A Ao? | A? AE / eV
Pt-foil Pt-Pt 12 2.76 0.0043 9.15
Pt/C Pt-Pt 10.1 2.74 0.0057 7.93
Pt-V/C as received Pt-Pt 9.5 2.72 0.0053 6.55
Pt-V 1.4 2.69 0.0057 6.55
500°C Pt-Pt 9.3 2.72 0.0040 6.64
Pt-V 1.6 2.70 0.0066 6.64
850°C Pt-Pt 8.8 2.72 0.0051 8.07
Pt-V 1.9 2.69 0.0036 8.07
Pt-Cr/C Pt-Pt 6.3 2.70 0.0037 0.84
Pt-Cr 5.7 2.63 0.0030 0.84
Pt-Co/C Pt-Pt 7.0 2.71 0.0026 5.63
Pt-Co 4.1 2.62 0.0162 5.63
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metallic Co.* Anodic shifts on the reduction peak can be T 18
attributed to a decrease of the desorption free energy (AG, ) 24
of Pt-OH, Pt-O or Pt-O,, due to the presence of the alloying
element. This means that the adsorption strength of 3218
adsorbed oxygen species on Pt in the alloy is lower than 40 ‘ ‘

on Pt/C and so, the reduction of intermediates containing
oxygen is more facile. This fact may be associated to the
higher occupancy of the Pt 5d band for the alloys in the
oxidized state, compared to Pt/C, as evidenced by the
results in Figure 2b.

Steady state polarization curves for the ORR and the
currents for the HO, oxidation in the ring obtained at
several rotation speeds for the Pt-V/C catalyst treated at
850 °C are shown in Figure 8. The expected increase in the
limiting diffusion current density in the disk (Figure 8b) is
observed as a function of the rotation speed.’> On the other
hand, the ring response (Figure 8a) clearly denotes
formation of HO,™ as an intermediate of the ORR. Figure 9
compares the ring/disk results at 1600 rpm for the different
electrocatalysts. It is noted that the ORR limiting current
densities assume close values for all Pt alloys, all showing

206 204 02 0.0
E/Vvs. Hg/HgO

Figure 9. Rotating ring/disk results for the ORR in the IPt/C and the
as received Pt-M/C catalysts in KOH 1.0 mol L' at 25 °C and 1600
rpm: (a) ring currents and (b) disk currents.

low ring current signals for peroxide oxidation. However,
the polarization curve for the Vulcan carbon shows lower
limiting current for the ORR and much higher ring current
signals. Since on Vulcan carbon the ORR takes place
following the 2-electron mechanism,? forming large
amounts of HO,~ (see below), the small ring signals
appearing for the platinum alloy electrocatalysts indicate
small formation of HO,". Figure 10 shows the ring/disk
results for heat-treated Pt-Cr/C in hydrogen atmosphere at
500 and 850 °C. Although the currents for HO,~ oxidation
are ten times smaller than for Vulcan (Figure 9), an increase
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Figure 10. Rotating ring/disk results for the ORR in the Pt-Cr/C

catalysts in KOH 1.0 mol L'! at 25 °C and 1600 rpm: (a) ring currents
and (b) disk currents.

of formation of HO,™ is noted for the materials after the
thermal treatments. This is consistent with the small
decrease of the limiting current density in the disk. Similar
results were obtained for Pt-V/C.

The disk polarization data at several rotation speeds
for each catalyst were used to construct Levich curves, as
shown in Figure 11. It is seen that, except for the higher
rotation rates, the Levich plots are straight lines, indicating
that the oxygen diffusion is the rate-controlling step of
the ORR. The linearity is not followed at high rotation
speeds probably because the diffusion process becomes
faster and a mixed kinetic control between the oxygen
diffusion and adsorption steps is established. Values of the
number of electrons (n) were calculated from the slope of
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Figure 11. Levich plots for the ORR in the catalysts and for the
Vulcan carbon in KOH 1.0 mol L - at 25 °C.
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the Levich lines in the linear region for all catalysts using
the equation,

i, = 0.620nFAD w2 eC,’ (1)

where i, is the limiting diffusion current density, F =
Faraday constant; D, =oxygen diffusion coefficient; @ =
rotation rate in rpm; v = cinematic viscosity of the solution
and C,” = oxygen solubility in the electrolyte. These
calculations were made taking the Levich line for the 60%
Pt/C catalyst in the same medium as reference, and
assuming n =4 in this case.” In Figure 11 it is seen that the
intercepts (@'? — 0) of the Levich lines are not exactly
zero as predicted by equation (1). This must be due to the
current contributions note included for the derivation of
equation (1), or represent a deviation of the behavior
predicted by this equation due to the presence of some
turbulence in the electrode/electrolyte interface caused
by the high roughness of the catalyst layer.

The numbers of electrons calculated by the Levich
plots are presented in Table 3. Results indicate that the
ORR on the platinum alloys follows mainly a 4-electrons
mechanism, also evidenced by the lower ring current signal
for this electrocatalysts in relation to that for Vulcan carbon.
In summary, these results are in agreement with two routes
for the ORR: via two electrons (peroxide pathway) on
carbon and four electrons on those platinum based
catalysts:?

O,+2¢e +H,0—HO, +OH" (carbon)
O,+4e +2H,0 — 40H" (platinum alloys)

The electrocatalytic activity for the ORR on the Pt
alloys was compared through mass-transport corrected Tafel
plots, obtained with the currents normalized by the mass
of platinum in the catalyst layer. These results are shown
in Figure 12. Two different Tafel linear regions were
observed with slopes near 50 — 60 and 120 mV/dec for low

Table 3. Kinetic parameters for the ORR in the several electrocatalysts
obtained from Levich and mass-transport corrected Tafel plots, in
KOH 1.0 mol L' at 25 °C

Electrocatalyst b (V / dec) n iy _ov (A/g," cm?)
Vulcan Carbon 0.040 2.0 0.008
Pt/C 0.055 3.7 8.5
Pt-V/C as received 0.053 4.0 8.6
500°C 0.049 4.0 8.9
850°C 0.049 4.0 10.9
Pt-Cr/C as received 0.045 3.7 2.7
500°C 0.045 3.5 2.7
850°C 0.051 3.5 6.2
Pt-Co/C 0.046 3.5 6.2
60% Pt/C 0.060 4.0 6.2
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Figure 12. Mass-transport corrected Tafel plots for the ORR in the
several catalysts in KOH 1.0 mol L' at 25 °C. @ = 1600 rpm. (a)
Comparison of the response of the different Pt-M/C alloys, (b) Pt-V/
C thermally treated and (c) Pt-Cr/C thermally treated. Currents were
normalized per mass of platinum in the catalyst layer.

and high overpotentials, respectively, in agreement to
previous works.” This can be explained in terms of the
coverage of adsorbed oxygen, which follows a Temkin
isotherm (high coverage) at low overpotentials and a
Langmuir isotherm (low coverage) at higher overpotentials.
The comparison of the catalytic activity for the several
electrodes was also made from the values of the mass
activity (disk current per unit Pt mass), measured at £ = 0.0
V vs. Hg/HgO (G, _,,)» included in Table 3.

The results presented in Figure 12a evidence higher
catalytic activity for the Pt-V/C alloy, among all the as
received catalysts. The heat-treated Pt-V/C and Pt-Cr/C
alloys have shown improvements in the activity with the
increase in the heat treatment temperature. As seen in Table
3, the highest catalytic activity was seen for the Pt-V/C
heated treated at 850 °C.

Changes in the catalytic activity observed for the
different Pt-alloys can be discussed in terms of the Pt-Pt
bond distance, the density of states of the Pt 5d band, and
the degree of coverage of oxide surface layers on Pt.
According to the EXAFS results for the platinum alloys, a

surface of the alloy particles (possible as oxides) could
have a screening effect on neighboring Pt atoms lowering
the number of active sites for the oxygen reduction
reaction.”® Thus, the higher is the M:Pt proportion, the
higher would be the screening effect. Here, in the cases of
Pt-Cr/C and Pt-Co/C, which present large M:Pt proportion
(more close to 1:1, according the N, , /N, , in Table 2),
the screening effect may predominate over the beneficial
effect on the Pt 5d band, resulting in a lower oxygen
reduction activity compared to Pt/C (Figure 12 and Table
3). In the case of Pt-V/C, the small V:M proportion may
result in the predominance of the electronic effects over
the screening effect, leading to higher ORR kinetics.

Conclusions

The X ANES measurements for the different metal alloys
indicated a reduction of the Pt 5d band vacancy in the
oxide region due to the presence of the non-noble metal,
the highest effect being for Pt-V/C. Increasing the heat
treatment temperature resulted in an increase of the Pt 5d
band occupancy for both Pt-V/C and Pt-Cr/C. The EXAFS
analyses have shown some shrinkage in the Pt-Pt
interatomic distances for the platinum alloys, with
negligible effect of the heat treatment.

Polarization results have indicated a higher catalytic
activity for Pt-V/C material and evidenced an increase of
the activity with the increase of heat treatment temperature.



98

Lima et al.

This was attributed to a lowering of the adsorption strength
of adsorbed oxygen species caused by the increase of the
Pt 5d occupancy promoted by the V atoms in the Pt lattice.
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