
Journal Pre-proof

Highly active Ag/C nanoparticles containing ultra-low quantities of
sub-surface Pt for the electrooxidation of glycerol in alkaline media

Carlos C. Lima<ce:contributor-role>Writing - reviewing and editing),
Marta V.F. Rodrigues, Antonio F.M.
Neto<ce:contributor-role>Software, Writing - reviewing and editing),
Cinthia R. Zanata, Cléo T.G.V.M.T.
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Highlights: 

 Ag/C catalysts with ultra-low amount of Pt displays more than an order of 

magnitude higher mass activity than Pt/C. 

 Segregation of Pt atoms towards the surface of Ag NPs activate the material for 

several electrocatalytic reactions. 

 Pt(1%)Ag/C has less ability to break C-C bonds and is less prone to poisoning. 
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Abstract 

The practical application of Pt-based technologies depends on the lowering in the costs 

and one way to face this challenge is by reducing the amount of Pt. Herein, we decorate 

Ag nanoparticles with ultra-small (0.8%) quantities of Pt and test them for the 

electrooxidation of glycerol. We showed that the Pt atoms of our catalyst are one order of 

magnitude more active (in terms of mass activity) than Pt/C commercial catalyst. By 

performing in situ FTIR measurements, electrolysis experiments and HPLC analysis, we 

showed that both catalysts form mainly glycerate and lactate, but Pt/C is more prone to 

poisoning and to form carbonate. We suggest that this different behavior is attributed to 

the high dispersion of the Pt atoms on Ag nanoparticles. The lower probability of finding 

neighboring Pt atoms diminishes the formation of multiple bonded intermediates, which 

are precursors for the formation of carbonate and some poisoning intermediates. 

 

Keywords: silver nanoparticles; platinum; glycerol electrooxidation; electrolysis; 

hydrogen. 

 

1. Introduction 

One of the most studied electrochemical reactions is the oxygen evolution reaction[1] 

because this is a critical bottleneck for the massive production of hydrogen through 

electrolysis. In addition, considering that solar energy will likely become an important 

source of energy for this century[2], the storage of its surplus in the form of hydrogen 

will create new opportunities for several industries. 
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In this context, the addition in the anode of electrolyzers of biomass-derived resources 

can importantly contribute by decreasing the required potential input for the production 

of hydrogen in the cathode and at the same time by producing added-value chemicals[3]. 

Thus, the electrooxidation of glycerol (EOG), among other alcohols, have been 

extensively studied in acid and alkaline media, mainly in noble metals electrodes[4–10]. 

However, the reaction in alkaline media emerges as a better alternative because the 

current observed is much higher than in acid media[11]. Online HPLC results showed 

that the reaction produces mainly glycerate at low potentials and formate, glycolate and 

CO3
-2 at higher potentials[12,13]. We have recently shown that the reaction can be highly 

improved by modifying Pt electrodes by Bi and Pb adatoms, which act blocking the 

oxidation pathways that breaks the GlOH C-C bonds, thus inhibiting the formation of CO 

and probably others poisoning species[13,14]. 

Suzuki et. al. [15] showed that the GEOR on Ag polycrystalline electrodes depends on 

the HO- and GlOH concentration and that this metal is much less active than Pt (the 

reaction occurs at relatively high potentials, >0.8V vs. RHE). Garcia et. al.[16] showed 

that Ag promote the GEOR when it is alloyed to Pt in alkaline media (1:1 Pt:Ag). Besides, 

through in situ XAFS measurements, they also showed that the alloyed material displays 

a higher electronic density in its d-band. Authors claimed that this electronic effect is 

probably contributing to the reduction of the catalyst poisoning. Kim et. al. [17] modified 

Ag nanotubes with Pt (3:1 Ag/Pt) using the galvanic exchange method and obtained 

similar results to those previously reported by Garcia et. al.[16]. 

Ag has been at least about one order of magnitude cheaper than the other noble metals 

commonly used as catalysts (Pt, Pd and Au) during the last decades[18]. Thus, by 

considering the different cost of Ag and Pt and the synergistic effects showed by PtAg 

alloys in previous publications, we propose the use of Pt decorated (with a small quantity 
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of Pt (0.8% w/w)) carbon supported Ag NPs as advanced electrocatalyst for the GEOR. 

By using the galvanic replacement technique we can effectively deposit Pt atoms at the 

Ag surface thus maximizing the Pt usage [19]. We observe that Pt activates Ag/C for the 

GEOR and that this activity enhancement is much more important than that shown in 

previous publications even using very low Pt quantities. By means of in situ FTIR and 

electrolysis coupled to HPLC analysis, we observe that the highly dispersed Pt atoms 

favors the pathways without C-C breaking, thus diminishing the formation of poisoning. 

 

2. Experimental 

2.1 Nanoparticles Synthesis 

Nanoparticles (NPs) were synthesized adapting the impregnation method described by 

Pritchard [20], and followed by the galvanic substitution procedure described by Zhang 

[21]. For the synthesis of 20% Ag/C, 1.6 g of carbon Vulcan XC-72 and 0.63 g of AgNO3 

(Sigma-Aldrich ≥ 99.0%) were mixed in an agate mortar in order to get a 20% (w/w). The 

impregnated material was heat treated at 300 °C for 3 h in a reducing atmosphere (5% 

H2/N2) inside a tubular oven to reduce the Ag ions and form Ag/C NPs. Then, the Ag/C 

NPs were dispersed in 50 ml of ultrapure water and 150 L of a 0.1 M of H2PtCl6 solution 

(Sigma-Aldrich ≥ 99.9%) was added. Then the beaker with the suspension was placed in 

an oil bath under agitation at 70±4 °C for 30 min to accelerate the galvanic replacement 

and obtaining Pt(1%)Ag/C–20% NPs. The resulting solid was washed three times with 

deionized water and oven dried under a N2 atmosphere at 60 °C for 12 h. 

2.2 Physical characterization 

The structures of the samples were determined with an X-ray diffractometer Shimadzu 

XRD-7000, with Cu-Kα radiation (λ=1.5046 Å, 40 kV, 30 mA). The determination of Pt 
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and Ag was made by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-

OES) (Thermo Scientific iCAP 6000 Series), performed in axial mode under the 

following operation condition: RF power 1250 W, nebulizer gas flow 0.4 L min−1, 

auxiliary gas flow 0.5 L min−1. The detection wavelengths selected for the quantification 

of Ag and Pt were 328,0 nm and 214,4 nm, respectively. X-ray Photoelectron 

Spectroscopy (XPS) experiments were performed in a K-Alpha Surface Analysis 

(Thermo Scientific) equipment with an Al-Kα X-ray source (hv = 1486.6 eV) and a flood 

gun. The investigated area was an ellipse of approximately 300 μm in diameter and three 

different areas of each sample were examined. 10 scans were accumulated for carbon and 

50 for the metals. The binding energies (BE) of the spectra were corrected with that of 

adventitious carbon C1s (C–C, C–H) at 284.8 eV. 

2.3 Transmission electronic microscopy (TEM) 

Structural properties (morphology and size) were analyzed by transmission electron 

microscopy in low and high resolution (TEM/HR-TEM) using a TEM-FEG (JEM 2100F) 

field-emission gun transmission electron microscope at the Electron Microscopy 

Laboratory (LME) at the Brazilian Nanotechnology National Laboratory 

(LNNano/CNPEM, Campinas-SP, Brazil). Both TEM and HR-TEM images were 

analyzed with ImageJ free software. High-angle annular dark field STEM (HAADF-

STEM) images and elemental mapping by Energy-dispersive X-ray Spectroscopy (EDS) 

were acquired on the same equipment. For all the microscopy measurements, the samples 

were prepared 24 h before the experiment by drying a drop of the dispersion on ultrathin 

carbon film supported on holey carbon (Ted Pella). 

2.4 FTIR in situ 
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FTIR experiments were performed using a Frontier FTIR spectrometer (Perkin-Elmer) 

equipped with MCT (Mercury-Cadmium-Telluride) detector cooled with liquid nitrogen. 

A conventional three electrode spectroelectrochemical cell with a CaF2 planar window 

attached to its bottom was used [22]. A PalmSens (Model PSTrace 4) potentiostat coupled 

to a Frontier FTIRS spectrometer (Perkin-Elmer) equipped with a MCT detector was used 

to these experiments. FTIR spectra were obtained in the wavenumber range between 3000 

cm-1 and 1000 cm-1. Reflectance spectra were collected in presence of 1 mol L-1 glycerol 

+ 0.5 mol L-1 NaOH, being calculated as the ratio (R/R0), where R represents a spectrum 

at a given potential and R0 refers to the spectrum collected at 0.1 V. Each spectrum of the 

series consists of a coaddition of 50 interferograms collected with spectral resolution of 

8 cm-1. The series were obtained during a slow cyclic voltammetry (performed at 1.0 mV 

s-1) in which the potential scan was stopped and hold every 50 mV for data acquisition. 

2.5 HPLC experiments 

Long-term electrolysis was carried out in a two compartments cell, separated by 

a proton-conductive polymer film (NafionTM membrane) to prevent the passage of 

products formed in the compartment that contains the working (and reference) electrode 

and the counter electrode. Electrolysis samples were collected every 30 minutes for 3 

hours and analyzed by high-performance liquid chromatography (HPLC). The analysis 

was performed in a Shimadzu LC-6AD chromatograph with a quaternary pump, a 

thermostatic column compartment CTO-20A, an UV−vis (SPD-20AV at 205 and 254 

nm), and a refractory index (RID-20A) detectors, both kept at 40 °C. Three columns (one 

Aminex HPX87-H and two Shodex Sugar SH1011) were used with a Bio-Rad 1250131 

precolumn, kept at 84 °C. The mobile phase was 0.50 mM H2SO4 with a flow rate of 0.6 

mL min−1, and the injection volume was 20 μL. To identify and quantify the obtained 

products, we prepared solutions of several standards (sodium mesoxalete, oxalic acid, 
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tartronic acid, hydroxypyruvic acid, glyoxylic acid, glyceric acid, glycolic acid, 

glyceraldehyde, lactic acid, formic acid and di-hydroxyacetone). Products concentrations 

were determined by linear correlation with peaks areas from the standards and the 

samples. 375 μL of electrolyte samples were collected for HPLC analysis. 125 μL of 2.0 

mol.L-1 H2SO4 were added to each sample to adjust the pH to 2. This was done because 

some products usually formed are not stable in alkaline medium such as 

dihydroxyacetone and glyceraldehyde. 

 

 

3 Results and Discussion 

3.1 Characterization 

Figure 1 shows the diffractograms of Ag/C and Pt(1%)Ag/C NPs. Ag NPs in Ag/C are in 

their metallic form and displays a fcc structure. Results for Pt(1%)Ag/C NPs show the 

presence of metallic Ag NPs (JCPDS No. 04-0783), but also the presence of Ag2O 

(JCPDS No. 41 -1104), which was formed due to the oxidation promoted by Pt 

ion[23,24]. 

A Pt/Ag ratio of 0.74% in weight was determined by ICP (see supporting info for details). 

The very low concentration of the well-spread Pt atoms (see below) make impossible to 

observe the characteristic Pt XRD features. 
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Figure 1. X-ray Diffraction of Ag/C – 20% and Pt(1%)Ag/C – 20% catalysts. 

 

Figure 2 shows some representative TEM images of Ag/C and Pt(1%)Ag/C NPs. Ag/C 

image shows that the catalyst is formed by Ag NPs with a particle diameter smaller than 

50 nm, however, there are regions that contain larger particles. Figure 2b shows that the 

contact with Pt ions induce the formation of small Ag NPs homogeneously distributed on 

the catalyst with some small regions with larger particles of Ag. To monitor the presence 

of Pt in the modified Ag NPs we took images in the STEM mode using a HAADF detector 

(Figure 2b). The EDS mapping of the figure 2b shows the presence of Ag, carbon and Pt 

signal coming from all the sample but with more intensity (more spots) right in the regions 

where the Ag signal is higher, suggesting the deposition of Pt over the Ag NPs as expected 

when using the galvanic replacement method. However, it is important to emphasize that, 

the accumulated Pt signal is low. Thus, we confirm the presence of Pt, performing the 

compositional mapping in regions of the sample where there is particle agglomeration 
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(figure S1), increasing the acquisition time. Thus, it was possible to prove the presence 

of Pt in regions with a high concentration of Ag NPs. 

 

Figure 2. STEM images and EDS elemental mapping: (a) Ag/C and (b) Pt(1%)Ag/C. 

Image in a STEM mode (below) with a HAADF detector showing the individual signal 

of Ag, C and Pt. 

 

Figure 3 shows XPS spectra for Ag and Pt for Pt(1%)Ag/C confirming again the presence 

of Pt. The Pt/Ag ratio determined by XPS was  ̴ 7% (for details see the supporting 

information), i.e., an order of magnitude higher than the value obtained through ICP 

indicating that most of the Pt atoms are at the outer part of the catalyst. The Pt4f7/2 peak 

can be fitted with two gaussian curves, centered at 71.0 eV and 72.7 eV, corresponding 

to the binding energies of Pt0 and PtO, respectively (figure 3 and table SX)[25]. The XPS 

peaks for Ag can be fitted with just one gaussian and the binding energy agrees with the 

predominance of metallic Ag [25], in accordance with the DRX results. The relatively 

high size of the Ag NPs makes a low fraction of the Ag atoms to be on the surface of the 

nanoparticle and these are the atoms that easily form oxides when exposed to the 
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atmosphere. In fact, this oxidation of the atoms at the outermost layer explains the 

presence of two Pt species. However, a careful analysis of the presence of the metallic 

oxides would in principle not to contribute extensively to the discussion of the 

electrochemical behavior of the material as the oxidation state of these atoms is 

electrochemically controlled during the experiment. 

Figure 3. XPS spectra of the Pt(1%)Ag/C catalyst, showing the high resolution in binding 

energy ranges of the Ag 3d and Pt 4f signals. 

 

Figure 4 shows the electrochemical characterization of Ag/C and Pt(1%)Ag/C. Figure 4a 

and 4c shows that when both catalysts are cycled in potentials below the Ag oxide 

formation (>1.1 V) they behave in a similar way, i.e., at potentials higher than 0.0 V a 

capacitor like behavior is observed and when we move towards lower potentials a 

negative current arises due to the hydrogen evolution reaction (HER). If the catalysts are 

cycled until the oxide formation region (figures 4b and 4d), we observed, in both samples, 

the characteristic features associated with the Ag oxidation-reduction. However, 

interestingly, a clear activation (the potential shift to positive values) of the HER is 

observed for increasing upper potential values. In addition, a clear and wide oxidation 

contribution at 0.5 V attributed to the oxidation of hydrogen (previously formed in the 

negative scan) is observed for the Pt containing catalyst (figure 4b). These features 
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suggest a segregation of Pt atoms from the core or sub-surface of the Ag NPs to the 

surface. A similar behavior was found by Solla-Gullon et. al. for Pt deposited on gold 

[24]. For sake of comparison, the same experiment is performed for Ag/C (Figure 4d), 

and the results show a stable voltammogram independently of the upper potential limit. 

 

Figure 4. Cyclic voltammograms performed in NaOH 0.5 mol.L-1 for: (a) Pt(1%)Ag/C 

in the electric double layer region and hydrogen evolution. (b) Pt(1%)Ag/C in the electric 

double layer region, hydrogen evolution and entering in the Ag oxide formation region. 

This protocol induces changes in the electrode surface promoting the generation and 

oxidation of hydrogen. (c) Ag/C in the electric double layer region and hydrogen 

evolution. (d) Ag/C in the electric double layer region, hydrogen evolution and entering 

in the Ag oxide formation region. scan rate: 50 mV.s-1.  
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To end with this section, we will summarize the most important results of the 

characterizations. XRD showed that the addition of Pt ions to the Ag/C dispersion 

partially oxidizes the Ag NPs Ag2O. ICP, XPS, TEM and cyclic voltammetry confirm the 

presence of Pt in Pt(1%)Ag/C. The Ag/Pt ratio determined by ICP was 0.8% w/w, i.e., 

close to the nominal (1% w/w), a much lower value than that determined by XPS (̴ 7%). 

The XPS results indicate that the Pt atoms are mainly at the surface of the catalyst and 

some of them in the outermost layer forming oxides. TEM images showed that 

Pt(1%)Ag/C have Ag NPs with a wide size distribution and, when coupled to EDS, that 

the Pt atoms are mainly deposited on the surface of the Ag NPs. Very interestingly, CV 

experiments shows that most of the Pt atoms are not in contact with the electrolyte, but if 

the electrode is cycled up to the region of the Ag oxide formation-reduction we observe 

features for Pt (higher hydrogen evolution, hydrogen oxidation and we will also show a 

remarkable activity improvement of the EOG). This experiment suggest that even if most 

of the Pt atoms are at the surface (were detected by XPS) an important fraction of the 

atoms are located at the sub-surface of the Ag NPs, i.e., they are not exactly in the NPs 

surface (outermost layer) but in the layers bellow where they are not electrochemically 

active. However, they should be close enough to the surface as to give XPS signals and 

to easily reach the surface when it is subjected to an electrochemical roughening 

procedure. This last conclusion is also supported for computational experiments. Hu et. 

al., showed that Ag-Pt NPs tend to have Ag enriched surface and that if the Ag:Pt ratio is 

high enough, as it is in our case, the NPs form onion-like structure with Ag atoms at the 

surface, Pt atoms at the sub-surface and Ag at the core [26]. 

3.2 Electrochemical oxidation of glycerol 
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Figure 5a reports the EOG with the Pt(1%)Ag/C electrocatalysts, before and after the 

electrochemical activation of the material. The activation gives rise to an evident 

improvement in activity and the peak current density increases about three times in 

comparison with the non-activated sample. This clear activation again points out the 

segregation of Pt from the inner parts of the sample to the surface. Also, for the sake of 

comparison, figure 5b also includes the response of a Pt/C 20% ETEK (the benchmarking 

commercial catalyst widely used in the field of fuel cell research and that we will call 

Pt/C from now on). The results obtained clearly shows the excellent properties of the 

Pt(1%)Ag/C electrocatalysts in terms of mass activity. It is worth mention that the 

Pt(1%)Ag/C was pre-conditioned by potential cycling as previously shown in Figure 4. 

As previously states, this pretreatment induces the segregation of the Pt atoms to the 

surface, what consequently improves the activity of the sample for the GEOR. 

Unfortunately, due to the ultra-low Pt loading, the characteristics features associated to 

the so-called hydrogen region are missing which does not allow the determination of the 

electroactive surface area to be properly performed. In any case, the clear enhancement 

in mass activity points out the superior activity of the modified Ag material. Normalizing 

the data by the Pt mass is widely used as it is motivated for an economic point of view 

[27] because Pt is by far a much more expensive material than Ag. To understand if the 

activity improvement is due to a better Pt utilization or if in fact the activity per Pt atom 

in Pt(1%)Ag/C is higher, another option to normalize the activity is considering only the 

Pt atoms at the surface of the catalyst. The commercial catalyst is composed of Pt NPs of 

about 3-4 nm [28–30], which means that only about half of the Pt atoms are right at the 

surface of the NPs as shown in Figure S3. Therefore, the current values for Pt/C in Figure 

5 were also multiplied by a factor of two to account this aspect. Even in this situation, and 

assuming that for the Pt(1%)Ag/C all Pt atoms are at the surface (which is certainly not 
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true), the activity of the Pt(1%)Ag/C sample remains being more than 5 times superior 

than the commercial electrocatalyst. 

Figure 5. Cyclic voltammograms obtained in 0.5 mol.L-1 NaOH and 1.0 M GlOH solution 

at scan rate 10 mVs-1. (a) For Pt(1%)Ag/C (before and after the activation) and (b) for 

Pt(1%)Ag/C-Activated (black line) and Pt/C (red line). We also add the response of Pt/C 

(blue line) where the currents were multiplied by a factor of 2, to show the activity of this 

materials if the currents are normalized just by considering the Pt atoms at the surface of 

the NPs. This result confirms that the activity improvement can not only be justified by a 

better Pt utilization. 

 

To better understand the electrochemical results in terms of the products formed during 

the electrochemical oxidations, we have performed in situ FTIR and long-term 

electrolysis coupled to HPLC. Our FTIR results (Figure 6) are rather similar to previously 

published results obtained with polycrystalline Pt electrodes and carefully discussed 

elsewhere[13,14]. At 0.50V and 0.6V several bands start to develop for both materials, 

one centered at 1580cm-1 likely due to the production of formate and/or glycerate and a 

very broad band centered at 1400cm-1 due to the generation of CO3
-2. The broad band 

centered at 1400cm-1 clearly displays three bands mounted to that for CO3
-2 centered at 

1310, 1350 and 1380cm-1 (figure 6a). The bands at 1350 and 1380cm-1 are likely due to 

the presence of formate and that at 1310cm-1 to oxalate. The most important aspect of 

these results is the relative intensity of the bands for the carbonyl containing compounds 
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(at 1580cm-1) and that for CO3
-2 (at 1380cm-1). The intensity ratio 1580cm-1/1380cm-1 is 

higher for Pt(1%)Ag/C, indicating that this catalyst likely forms less CO3
-2, relative to the 

carbonyl containing compounds. 

  

Figure 6. In situ FTIR spectra of: (a) Pt(1%)Ag/C and (b) Pt/C. 

 

Figure 7 shows the chromatographs obtained with Pt(1%)Ag/C and Pt/C for different 

times of electrolysis at 0.8 V. In both cases, the concentration of glycerate and lactate 

increases linearly with time. While Pt/C produce mainly glycerate, lactate and glycolate, 

Pt(1%)Ag/C generates glycerate, lactate, glycolate and formate. Oxalate was detected by 

FTIR but not by HPLC, because it retention time coincides with the H+ from sulfuric acid 

at 1.0 min. We have also calculated the faradaic efficiency (FE) for every product detected 

by HPLC in both catalysts. The total FE is around 60% and 90% for Pt/C and Pt(1%)Ag/C 

respectively, for 30 min of electrolysis (table S1). The results are in line with the FTIR, 

which suggest a higher production of CO3
-2 with Pt/C. As the ion is not detected by the 
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HPLC method, the FE due to the complete oxidation of the glycerol molecule is not 

counted here. Thus, the higher the CO3
-2 production is the lower the sum of the FE. 

 

Figure 7. Chromatograms of the samples obtained at different times during electrolysis 

at 0.8 V for (a) Pt(1%)Ag/C and (b) Pt/C (above) and the concentration of the main 

products for each catalyst. 

 

4. General discussion 

In this work we have studied the activity and selectivity of a catalyst containing small 

quantities of Pt deposited at the subsurface of Ag/C. As previously shown, it is extremely 

difficult to assert if the Pt atoms are forming clusters, are in the form of isolated atoms 

or, more probably, dispersed forming several kinds of structures at the subsurface of Ag. 

However, the combination of several techniques suggest that it is a heterogeneous 

material where Pt atoms are very dispersed and form some aggregates that permitted us 

to detect them by TEM. We have also shown that the electrochemical oxidation of Ag 
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induce the Pt segregation to the Pt(1%)Ag/C surface, enhancing the activity of the catalyst 

for the HER, HOR and EOG. CV measurements showed that the activity per Pt atom is 

much higher on Pt(1%)Ag/C than on Pt/C, even when we take into account that not all 

the atoms are at the surface in Pt/C and ignoring the same fact for Pt(1%)Ag/C. 

Interestingly, as shown in Figure S4, a similar finding is obtained for the electrooxidation 

of ethanol with Pt(1%)Ag/C, Ag/C and on Pt/C. The comparison between the results with 

both molecules suggest that our catalyst is more active than Pt/C, not only for these 

specific molecules, but also for the oxidation of alcohols and polyols. 

To get further insights about the structure of Pt(1%)Ag/C and its electrochemical activity, 

we performed XAFS in situ experiments at 0.2 V with Pt(1%)Ag/C and Pt/C (see 

supporting information). Details about the experimental set up have been recently 

published by our group[31]. Similar results have been discussed in detail elsewhere[32]. 

Unfortunately, the results do not show important differences between the catalysts. Again, 

as Pt(1%)Ag/C is an heterogeneous sample the Pt atoms that are agglomerated have the 

same contribution to the signal that those well-dispersed, even if most of them are not in 

contact with the solution and participating of the catalytic process. Besides, this result 

reinforce that part of the 0.8% of the Pt atoms of the catalysts Pt(1%)Ag/C are 

agglomerated, then it is clear that we have underestimated the activity of our catalyst 

when the currents are normalized by Pt atom at the catalyst surface, making this material 

even more interesting. 

HPLC online and in situ FTIR have show that: 1) both catalysts are not selective, 2) Pt/C 

produce more CO3
-2, i.e., has more ability to break the C-C bonds and 3) Pt(1%)Ag/C 

forms mainly C3 products. In some of our previous contributions [13,14], we suggested 

intermediates and reaction pathways for the electrooxidation of glyceroate (generated by 
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the de-protonation of glycerol in solution) that can be updated and used to explain the 

findings included in this work (figure 8). 

As expected, Pt/C show similar results than those reported by some of us for 

polycrystalline Pt[14,33]. It is interesting to observe that for Pt(1%)Ag/C, the results 

remain those for polycrystalline Pt modified by adatoms. We hypothesized in previous 

works [13,14] that the presence of the adatoms decreases the probability of finding 

neighboring Pt atoms, able to generate multiple bonded intermediates, and which are the 

precursors for C2 and C3 product (figure 8). Something similar is likely occurring in 

Pt(1%)Ag/C, where the Pt atoms are highly dispersed and, consequently, the probability 

of finding neighboring Pt atoms in this catalyst is much lower than in Pt/C, thus justifying 

the diminution in the production of CO3
-2. This fact can also explain the higher tolerance 

to poisoning of the Pt(1%)Ag/C, once that multiple bonded intermediate are the 

precursors of CO and/or other still non-identified poisoning intermediates[34]. 

Finally, it is worth noting that despite it was possible to observe in the chromatograms 

peaks due to the formation of Lactate in our previous papers [13,14], we were unable to 

identify this product.[14,33] Thus, in this work we have updated our mechanism scheme 

(figure 8) including now the production of Lactate. It is important to note that there are 

several well-known reactions for carbon hydrates in alkaline media, that can be found in 

any organic chemistry textbooks, and are also present in our system. For example, the 

Cannizzaro reaction explain the absence of DHA in alkaline media and the formation of 

Lactate. [35,36] Other well-known equilibria in carbon hydrates chemistry is that between 

glucose and fructose[37] then we have proposed the equivalent equilibria between 

glyceraldehyde and DHA. Unfortunately, these reactions are several times not considered 

in many papers in the field of electrocatalysis, where the authors claim the 
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electrochemical production of substances that several times are formed just by pure 

chemical steps. [38] 

 
Figure 8. Proposed reaction pathways for glycerol electrooxidation in alkaline media on 

Pt(1%)Ag/C and Pt/C based on the products observed using HPLC and FTIR in situ. We 

also add several well-known equilibria for polyols in alkaline media that explain the 

generation of Lactate. 

 

 

Conclusions 

In this work, we decorated Ag/C NPs with 0.8% of Pt and obtained a catalyst more than 

one order of magnitude active than the benchmarking Pt/C. XRD, ICP, XPS, TEM and 

electrochemical characterization strongly support that the Pt atoms are located at the 

sub-surface of the Pt(1%)Ag/C and that the electrochemical excursion until the Ag2O 

formation induces the Pt atoms segregation activating the material for the HER, HOR 

and EOG. 
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In situ FTIR, electrolysis and HPLC analysis showed that Pt(1%)Ag/C and Pt/C form C3, 

C2 and C1 products. However, Pt/C has more ability to break the C-C bonds, forming 

more carbonate. This reaction pathway pass through a myriad of intermediates (most of 

them not known) that act ultimately poisoning the electrode, which explain in part the 

much higher activity of Pt(1%)Ag/C. 
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