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Introduction

Even though fuel cells (FC) were invented a long time ago and foreseen to be "tomorrows" energy converter of choice since the last decades, they have not yet arrived on a broad front. In the case of mobile applications, with size scaling from handheld devices up to automobiles, the cost of energy conversion of a state of the art proton exchange membrane (PEM) FC so far exceeds that of other competitive mobile technologies. One of the main reasons for this is the high price of the noble metal catalyst of FC's. In an attempt to reduce costs, non-platinum catalysts might be a possible alternative [1,2]. Therefore also alkaline based FC have recently re-gained attention due to the fact that a variety of cheaper non-platinum metals, such as silver, nickel and cobalt, or even metal-oxides are reported to be active for catalyzing the essential oxygen reduction reaction [3][4][5].

In order to compare different electrocatalysts, a common methodology for their analysis is required. As pointed out in the review on high surface area catalysts by Gasteiger et al. [6], even for the case of Pt based 2 electrocatalysts the reported activities deviate from each other by more than one order of magnitude; regardless of originating from rotating disk electrode (RDE), flow cell or membrane electrode assembly (MEA) measurements. Bearing in mind that these discrepancies impede an efficient comparison, Mayrhofer et al. [7] recently proposed a set of guidelines for the characterization of Pt based catalysts by the thin-film RDE methodology. These guidelines include, that the electrochemically active surface area (ECA) has to be evaluated by applying a proper method that also considers the capacity of the support, and that the ECA has to be linear dependent on the loading [7]. The comparison of electrocatalysts of different classes, i.e. non-platinum and platinum based electrocatalysts, and the judgment of their prospect is even more difficult. In this respect the necessity of a common methodology in catalyst characterization as well as the importance of benchmark activities cannot be enough emphasized. One fundamental problem in the comparison of different catalysts is the definition and determination of the ECA used to evaluate the specific activity; as the meaning of real surface area depends on the method of measurement, on the theory of this method, and on the conditions of application of the method [8]. For Pt based catalysts, the ECA is determined by the stripping charge of underpotentialdeposited hydrogen (H upd ) or oxidation of an adsorbed CO monolayer assuming a one to one ratio of the adsorbates and Pt atoms [9]. However, for non-platinum metal catalysts these rather straightforward methods are in general not feasible. A range of alternatives has been reviewed by Trasatti and Petrii [8], suggesting for example under potential deposition (upd) of foreign metals for metal nanoparticulate systems. The methodology of metal upd for the ECA determination has already been successfully applied by Green and Kucernak [10] in the case Cu upd on PtRu alloy catalyst. For Ag based catalysts, Pb upd [11] as well as Tl upd [12] 

Experimental

All electrochemical measurements were conducted in two separate, 3-compartment Teflon cells, previously described in refs. [9,13,14], using a rotating disk electrode setup with rotation control (Radiometer Analytical, France) and a Potentiostat (Princeton Applied Research, USA). The electrolyte solutions: 0.1 M KOH and 0.1 M KOH + 125 µM Pb(NO 3 ) 2 were prepared using Millipore water (Resistivity = 18.2 MΩcm -1 , TOC < 5 ppb), KOH pellets (Merck, Suprapure) and Lead(II)nitrate salt (Merck, analytical grade). During measurements, the electrolyte was purged with either Argon or Oxygen (Airgas, purity grade 5.0). A Standard Calomel Electrode (SCE) was employed as a reference electrode. However, the reversible potential of hydrogen oxidation/reduction was determined for each measurement, and all presented data are given with respect to the Reversible Hydrogen Electrode (RHE). The working electrodes used are Ag, Pt and Glassy Carbon (GC) disks (each Ø=5 mm, A=0.196 cm²), the sides coated with epoxy-resin (to minimise parasitic currents) and mounted into Teflon RDE The Silver catalyst was provided in powder form by Umicore AG & Co. KG having an average particle size of about 100 nm. It was suspended in Millipore water, dispersed by a 2 seconds-insertion into an ultra sonic cleaner and thereafter kept on rotation by a magnetic stirrer. An aluminium foil covered the glassware in order to protect the silver catalyst from light. By these measures, agglomeration of the particles was reduced and the upper limit of the catalyst solution lifetime was one week; however, by keeping the solution longer in the sonic cleaner or unprotected from light, a visible degradation appeared already after a few hours. The catalyst layers were prepared by pipetting 20-40 µl catalyst solution onto an electrochemically oxidised GC disk (100 mA for 5 min in 2 electrode setup). Thereafter the electrode tip was put in a light sheltered dryer under N 2 -atmosphere. Due to the hydrophilic nature of the oxidised GC reproducible smooth catalyst layers could be produced without the usage of any additives, furthermore the oxidation also enhances the sticking of the silver particles onto the GC [15,16].

Prior to each measurement the solution resistance (R u ) [17] from the working electrode to the Luggin capillary was determined using a AC signal (5 kHz, 5 mV), and thereafter electronically compensated for by a positive feedback scheme. [6] In our setup, the typical R u was around 10 Ω, however, in some cases values above 20 Ω were determined, which have a large effect if no compensation scheme is used. A complete guideline for thin film RDE measurements will be reported elsewhere. The CV and ORR measurements in 0.1 M KOH were conducted in the Pb free cell, prior to the surface area determination performed in a separate cell, thus preventing any Pb contamination that could affect the activity measurements.

Results & Discussion

Prior to the ORR and surface site determination measurements, the catalyst samples were characterized by cyclic voltammetry in Ar saturated solution (not shown). In order to avoid any potential induced changes of the catalyst, the potential window was kept in between 0.00 and 1.05 V RHE . Both NP Ag and PC Ag exhibit no specific features in this region, so mainly capacitive currents were observed in agreement with previous findings [18][19][20]. Hydrogen evolution occurs at more negative potentials than -0.3 V RHE , whereas at potentials more positive than 1.05 V RHE , large oxide features can be observed. These silver oxide can be formed irreversibly, indicated by a white staining of the PC Ag-electrode, and leads to a roughening of the surface [21][22][23].

Oxygen reduction activity

ORR measurements were conducted in a Pb free cell by recording polarization curves in oxygen saturated 0.1 M KOH solution between -0.3 and 1.050 V RHE , with active R u -compensation, see Figure 1. Cycling below 0.0 V RHE results in a considerable increase in the ORR activity, which can be associated with the reduction of the Ag surface, as reported previously [3,24]. The lower potential limit of -0.3 V RHE was chosen since it leads to a maximized ORR activity of the Ag catalysts, while at the same time avoiding a major detachment of NP Ag from the GC electrode, which was observed at even lower potentials.

In Figure 1A the ORR polarization curves of NP Ag for 3 different loadings are compared to the ones of PC Ag and bare GC. In order to extract the faradic current i f all polarization curves are corrected for capacitive currents by subtracting the corresponding blank CV recorded in Ar saturated solution. From Figure 1A it is discernable that the GC has only a negligible influence on the ORR polarization curves of NP Ag, since no oxygen reduction 4 occurs above 0.7 V RHE . Furthermore, it can be observed that with increasing catalyst loading, the polarization curves shift towards higher potentials as expected. This effect was utilized to adjust the region for the determination of the ORR activity to potentials relevant for fuel cell applications. In the case of NP Ag for instance the kinetic current regime for a loading of 200 µg cm -² lies above 0.8 V RHE and thus in the potential region of interest. At potentials below 0.6 V RHE the current is limited by diffusion of oxygen towards the electrode surface (i dl ), and no kinetic data of the oxygen reduction were extracted. The analysis of a Levich plot of i dl at various electrode rotation rates (ω) (not shown), indicates that no diffusion resistance occurs. Given the theoretical value of the diffusion limited current for a 4 electron process of 4.4 mA cm -² at 900 rpm, calculated using the Levich equation and literature data; i.e. O 2 -solubility (1.2*10 -6 mol cm -³) [25], O 2 -diffusion-coefficient (2.0*10 -5 cm s -²) [25], and viscosity of the electrolyte (1.0x10 -2 cm 2 s -1 ) [25]; the measured diffusion limited current obtained for a loading of 200 µg cm -² as well as for PC Ag deviates less than 10% from the theoretical value in accordance to the guidelines for Pt based catalysts [7]. For catalyst loadings of 50 and 100 µg cm -² the diffusion limited currents deviate slightly more from the theoretical value, indicating an incomplete coverage of the GC with Ag particles.

In the potential region of mixed diffusion and kinetically controlled current the kinetic oxygen reduction current density, J k , was calculated and utilized to construct a Tafel plot (log J k vs. E). Figure 1(B) illustrates the corresponding Tafel plot of the measured data in Figure 1(A). Within a certain potential range, 0.7 to 0.9 V RHE , the curves for the NP Ag recorded for different catalyst loadings are parallel to each other with a constant Tafel slope of 120 mV dec -1 , as determined by a linear regression of the data. The current densities are shifted by the respective factor in the loading. This scalability of the results with the loading is an important prerequisite for a reasonable analysis by the thin film RDE method. Only then the true catalytic activity of an electrocatalyst towards the ORR, expressed by two equally important characteristics, namely the mass specific activity (in short mass activity) and the surface area specific activity (specific activity), can be determined from the Tafel plot.

Mass activity

The mass activity (J k:m ), i.e. the normalization of the kinetic current to the catalyst loading (σ L ), is especially of economic importance, since it directly indicates the cost of energy conversion related to the deployed amount of catalyst. A scalability of the total kinetic current with the catalyst loading, as obtained for the NP Ag in this study, guarantees that all the catalyst is used in the reaction. The mass activity of the NP Ag catalyst determined by averaging 12 samples of several different loadings in the range from 50 to 200 µg cm -² is plotted in Figure 2. At 0.9 V RHE the mass activity is 2.0*10¯6 A µg -1 . The standard deviation of the NP Ag measurements in the potential region of interest is less than 10%. This small error in mass activity over a mass span of a factor of 4 additionally proves the full usage of the catalyst.

Determination of electrochemically accessible sites

The standard Pt surface area determination techniques CO and H upd stripping often cannot be applied for nonplatinum catalysts, as they are generally inactive towards these reactions. Consequently for each type of catalyst a suitable surface area determination technique has to be explored [8]. For the Ag electrodes in this study Pb upd stripping (1), and for additional comparison the reduction of Pb(IV), are implemented. The underpotential deposition of Pb on Ag has been described before [26,27]. A monolayer of Pb can be deposited onto an Ag electrode at potentials more positive than expected by the equilibrium potential for bulk deposition. In order to form a complete monolayer of Pb, different deposition potentials (E d ) were chosen as negative as possible, while at the same time avoiding Pb multilayer deposition. Latter introduces an additional peak in the stripping voltammogram at lower potentials (see Figure 3A), and thereby leads to an overestimation of the active surface area. Furthermore, the deposition time t d was varied in order to allow the system to reach equilibrium [10]. In detail, the optimized E d was determined by conducting several stripping experiments with several E d 's between 0.2 and 0.5 V RHE and t d 's ranging from 1 to 600 s. The optimized values for PC Ag were a t d of 300 s and an E d of 0.23 V RHE , respectively. Using these parameters the Pb stripping charge reached a maximum without any visible bulk deposition of Pb (see Figure 3A). Note, however, that these parameters may differ slightly for different NP Ag catalysts. The number of electrochemically accessible sites (N ECAS ) was calculated from the stripping voltammogram assuming an one to one ratio of Pb to Ag atoms.

Pb (S) + 2H 2 O ↔ HPbO 2 -+ 3H + + 2e -pH>10 (1) 
An additional methodology utilizing Pb(IV) species was employed to determine the surface charge for comparison. Pb(IV) forms an adsorbed monolayer on Ag electrodes dependent on the applied E d in the range of 1.15 to 1.20 V RHE , and is observed in the negative going sweep by a reduction peak at 0.95 V RHE (see Figure 3B).

If the deposition potential is increased beyond 1.19 V RHE , lead-dioxide is formed (2) [START_REF] Pourbaix | Atlas of Electrochemical Equilibria in aqueous solutions[END_REF] and a t d dependent, second reduction peak occurs at 0.75 V RHE .

HPbO 2 -↔ PbO 2 + H + + 2e -pH>10 (2) 
Analogous to the optimization scheme used in Pb upd stripping, the E d and t d parameters for Pb(IV) were found by maximizing the monolayer Pb(IV) stripping peak I, without forming the second reduction peak II (Figure 3B).

Pb upd and Pb(IV) stripping measurements on PC Ag reproducibly resulted in a charge density of 450 µC cm -². This is slightly higher than the values reported in the literature, i.e. 400 µC cm -² for Pb upd [11], and 200 µC cm -² for the one electron process Tl upd [12], which might be due to a slightly roughened surface.

Figure 3C shows the optimized stripping voltammograms of Pb upd and Pb(IV) from a NP Ag sample with 100 µg cm -² loading, resulting in a surface charge density σ q,Pb = 1.2 mC cm -² and σ q,Pb(IV) = 1.1 mC cm -² respectively. The difference of less than 10% between the two stripping methods is due to the error in the correction of the capacitive currents and in the selection of the integration limits. Interestingly, it was observed that compared to PC Ag the optimized E d values for Pb upd shifted 30 mV more positive, whilst the E d for Pb(IV) shifted 30mV more negative. In further contrast to PC Ag, the stripping charge of NP Ag was found to decrease by ~5 % for consecutive Pb upd stripping measurements, which could be due to a partial detachment of particles. Note, that the post-ORR surface areas of the Ag particles in some cases diverted up to 30% from the surface areas determined before ORR. Since the particles are only attached to the substrate by weak electrostatic forces, these losses might be either due to the rotation during recording the ORR and the cell exchange procedure or due to Ag dissolution. Although both processes are difficult to distinguish during the measurement, the latter process was minimized by limiting the upper potential to1.05 V RHE , where in the CV still no Ag oxide peaks are detected. In the case of a large discrepancy of the post-ORR surface area the data were not further evaluated.

That is, the activities of only those measurements were analyzed, where the surface area loss within the measurement was negligible.

The surface area determination can be applied to probe the full accessibility of the catalyst surface, as proposed in the determination of mass activity. The results from the stripping experiments as a function of the NP Ag loading are shown in Figure 4. It can be seen that σ q indeed depends linearly on the catalyst loading up to 6 200 µg cm -²; so all the catalyst is utilized and these samples can be used for determining the specific ORR activities. For higher loadings of 400 µg cm -², however, the ratio deviates from the linear regression, so that specified mass activities lead to erroneous results and have to be discarded.

Specific activity/Turnover Frequency

After determining the electrochemically accessible sites, the surface area specific activity of the catalysts can be calculated by assuming a standard charging value per surface area for the material. However, for alloys or the recently reported Fe/N/C type of catalysts [1] the correct standard charging value is often problematic. For example for a Pt alloy system in alkaline solution the exact surface composition is in general not known and thus a standard value in terms of charge per surface area cannot be given. Instead, a normalization of the catalytic activity to the implicit charging/decharging value avoids such assumptions, resulting in an activity in the form of a turn over frequency (TOF) [START_REF] Burwell | [END_REF]. In the presented work both properties were determined; the TOF of the ORR by dividing the number of reacting molecules per unit time (determined by i f ) by the number of electrochemically accessible sites (determined by the Pb stripping charge measured after the ORR). The specific activity was calculated by multiplying the TOF value with 400 µC cm -², i.e. the normalization constant of a two electron process for the surface area of PC Ag as given in the literature [11].

In Figure 5 the resulting TOF determined from the same 12 samples as in Figure 2 are plotted as a function of potential along with the TOF values obtained for PC Ag and PC Pt. Analogous to the standard deviation of the NP Ag mass activity, the deviation in the potential region of interest is below 10%. Furthermore it can be seen that at 0.9 V RHE the TOF of NP Ag is 0.1 Hz, equivalent to that of PC Ag and one order of magnitude less than PC Pt. At lower potentials, the difference in activity between Pt and Ag increases further due to the different Tafel slopes.

Comparison

The thorough evaluation of the NP Ag catalyst enables a comparison with activities of PC Pt and Ag from literature. The kinetic parameters of the ORR obtained in this work are summarized along with values from other references in Table 1. Although literature data for the ORR kinetic activity of PC Pt varies significantly, it is one of the most active materials and should serve as a benchmark for any comparison. In this work we obtained a TOF of 1 Hz at 0.9 V RHE on PC Pt, and a Tafel slope of 60 mV dec -1 ; these values compare reasonably well with literature values for Pt PC in perchloric acid electrolyte [6,7]. Thus results from our laboratory indicate that there is a comparably small difference in the TOF on PC Pt in acid and alkaline solution. However, in the literature one order of magnitude lower TOF values are reported for the ORR in alkaline electrolyte [30][31][32]. In these previous studies contradictory values of the Tafel slope from 60 [32] up to 120 mV dec -1 [30,31] are determined, demonstrating that even a basic system like PC Pt is subject to inconsistencies. It should be pointed out, that latter measurements were performed in standard electrochemical glass cells, allowing impurities from the glass to leach into the alkaline electrolyte [9,13], whose detrimental effects on activity measurements cannot be ruled out.

Comparing the Ag data of this study with the literature, the TOF of PC Ag of 0.1 Hz at 0.9 V RHE is (as for PC Pt) up to one order of magnitude higher than previously reported [3,24,33]. Possible reasons for this are the 7 complete reduction of Ag, the R u compensation and the applied subtraction of the capacitive current. The reduction of silver has an enhancing effect on the ORR and the reduction potential used in this study is more negative than in previous studies. Furthermore the actual faradic current at 0.9 V RHE is small; consequently the measured total current is highly subjective to the influence of the capacitive currents, which therefore must be considered. The Tafel slopes obtained for PC Ag correspond well to the literature values for PC Ag [3,24] and Ag single crystals [33]. Since in contrast to previous studies a compensation of R u was applied, increased activities and a linear Tafel slope were observed in a potential window of over 200 mV. Different Tafel slopes obtained in previous studies in a low and a high potential region are most likely an artefact of RDE measurements due to an improper R u compensation.

Previous studies on Ag nanoparticles have provided unsatisfactorily comparable activities, as the catalyst surface area was not measured, nor was the scalability of the activity with loading investigated [34,35]. The mass activity for the NP Ag catalyst of this study is 2.0*10¯6 A µg -1 . Interestingly, the Tafel slope of ~120 mV dec -1 for unsupported NP Ag does not correspond to that of PC Ag of 90 mV dec -1 , while the TOF at 0.9 V RHE is identical. The reason for this behaviour is still unclear at this point.

Comparing Ag to Pt, it is evident that in alkaline solution the TOF on PC Ag at 0.9 V RHE is about one order of magnitude lower than on PC Pt (see Table 1). The mass activity for the NP Ag catalyst of 2.0*10¯6 A µg -1 is significantly lower than that of a state of the art carbon supported platinum high surface area catalyst. The divergence is partially due to the difference in particle size, i.e. 100 nm for Ag versus sub-10 nm for Pt, and the therefore lower active surface area. So the mass activity of NP Ag could still be increased decisively by further reducing the particle size, as long as no eventually opposing particle size effect as for the ORR on Pt [36] appears. The Tafel slopes for NP Ag and PC Ag are, however, higher than the Tafel slope for Pt, which is clearly a disadvantage at higher overpotentials. Neglecting any other influence, such as long term stability, required catalyst film thickness in the MEA, etc., the economical conversion efficiency is quite similar. Albeit having one magnitude lower specific activity for ORR than platinum, Ag and alkaline based fuel cells might be a plausible candidate in future due to their lower cost.

Conclusion

We report a standardized ORR thin-film RDE study of a non-platinum catalyst, by applying a similar methodology as for platinum high surface area catalysts reported previously. A silver nanoparticle catalyst supported on glassy carbon is characterized with respect to the number of electrochemically accessible sites and the activity of oxygen reduction in alkaline solution. We have verified the full catalyst layer usage by the linear scaling of N ECAS and ORR activity with loading up to values of 200 µg cm -². Due to the loading optimization and an adequate R u -compensation, representative activities were obtained with high accuracy at fuel cell relevant potentials. Regarding the activity of the catalysts, no differences were found between the TOF of the NP Ag catalyst and PC Ag. The TOF on NP Ag and PC Ag at 0.9 V RHE is about one order of magnitude less than for PC Pt. Furthermore, it is established that the TOF on PC Pt in 0.1M KOH and 0.1M HClO 4 do not vary significantly and exhibit the same Tafel slope of 60 mV/dec. 
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