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Figure 7.11:  (Left) Cyclic voltammograms for Pt-C (commercial) , Pt-DI, Pt-SP, and Pt-

TM.  Scans performed at 10mV/s in 0.1M HClO 4 .   (Right) Ethanol oxidation performance 

of the same samples at 50mV/s in 0.5M EtOH and 0.1M HClO4.  

 

The results shown in Fig.7.11 indicate that Pt supported on niobia exhibits a 

comparatively limited exchange current density.  We would normally anticipate 

observing in all samples the similar oxidative and reductive Pt features seen for Pt/C.  Yet 

despite having as much as twice the amount of catalyst loading, such features are absent.  

Unlike Pt-SP and Pt-TM, Pt-DI does exhibit subtle Pt features and less capacitance in the 

double layer region.  If we assume that the support is interfering with catalyst activity, 

then this could be because the sample has larger Pt nanoparticles, and therefore, more Pt 

surface sites farther away from the niobia surface.  However, the peak current measured 
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in 0.5M EtOH is still about 60x less than that of Pt/C with the same catalyst loading.  

There appears to be no significant improvement in current from 30% to 60%Pt/NbRuyOz.  

Nor is it clear that omitting carbon based surfactant in favor of silica improves 

performance.  P123 surfactant, normally about 50wt% in the precursor solution, could 

potentially breakdown during thermal treatment into smaller carbonaceous species that 

poison the platinum, as mentioned earlier in the discussion of XAS.  All Pt/NbRuyOz 

samples were heated to 400°C in alternating atmospheres of air and 10%H2/N2 for five 

20min cycles, followed by 2 hrs in the latter atmosphere to account for this possibility.  

But no change in performance was observed.  Rapid scanning in the electrochemical cell 

at 500mV/s and holding at lower potentials also failed to change oxidation performance. 

 

These results suggest that lower EOR kinetics on Pt/NbRuyOz catalysts are not due to the 

poisoning by carbonaceous byproducts that is normally encountered.  The only remaining 

carbon source in the system is the ethanol used in the initial precursor solution.  

However, organic solvents are very common in the synthesis of a variety of platinum 

catalysts.  It is also notable that mixing Pt-SP with XC-72 to attain 50wt%C did nothing 

to improve performance, suggesting that the electric conductivity of the sample is not 

inhibiting reaction kinetics.  Numerous groups in the literature have observed similar 

deactivation behavior of Pt supported on niobia, including catalysts designed for gas 

phase reactions in which the electric conductivity of the material is inconsequential 
65, 125, 

155-161
.  Unfortunately, the exact mechanism of this fairly instantaneous deactivation has 

not been fully revealed, though theories have been put forth.  The deactivation is most 

likely related to the native oxide layer niobium forms regardless of the oxidation state of 
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the bulk.  The thickness of this layer is usually reported to be on the order of <1 to 6nm 

162-164
, though this can vary significantly for niobium in various liquid electrolyte 

158
.  It is 

not immediately clear how an oxide layer of this type would fully deactivate Pt 

nanoparticles 2-20nm or more in diameter, especially after the reducing treatments 

employed above. 

 

7.4.3 Pt-Monolayer Deposition 

Electrochemical experiments were performed in 0.1M HClO4 as well as 1M KOH, a 

fresh electrode prepared for each.  Before ethanol was added, some Pt features were 

visible in both aqueous media.  Distinct oxidation regions generally appear to be more 

apparent in alkaline media.  Changes are noticeable in the cyclic voltammograms after 

cationic deposition of Pt on Pt-DI (Fig.7.12A&C and Table 7.4).  In acid, the total charge 

density of the CV decreases by 33%.  Surface features of Pt hydride formation and 

oxidation (0-0.25mV) as well as Pt-O reduction (1-0.5V) remain characteristically broad 

even after deposition of additional Pt.  This observation remains true at scan rates of 

50mV/s.  In base, these features are immediately more distinct.  Here, the overall 

decrease in total charge density is only 7%, with most of the loss from the double layer 

region. 
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Figure 7.12:  Cyclic voltammograms of Pt -DI before and after secondary Pt -monolayer 

deposition.  (A) 50mV/s in 1M KOH.  (B) 10mV/s in 1M KOH and 0.5M EtOH.  (C)  

10mV/s in 0.1M HClO4.  (D) 10mV/s in 0.1M HClO 4 and 0.5M EtOH. 

 

Table 7.4:  Total Charge Density and 0.5M Ethanol Oxidation Peak Dimensions (CV) 

Before and After Secondary Pt Deposition on Pt-DI 
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Ethanol oxidation (0.5M) studies reveal further differences in the improvement of 

collected current.  In particular, it is useful to examine the changes in EOR performance 

before and after ionic Pt deposition of forward (oxidizing) and reverse (reducing) sweeps 

independently of one another.  Normally, it is preferable to compare the current of 

different catalysts at the same potential.  In this study, attention is also given to shifts in 

the potential at which maximum EOR current is observed.  Positive shifts are indicative 

of the reaction thermodynamics more similar to that of a clean Pt surface. 

 

Characteristics of the data in Fig.7.12 are presented in Table 7.4.  There is a significant 

increase of 171% and 147% in the total charge for EOR in acid of forward and reverse 

sweeps, respectively.  In base, the total charge of the forward sweep improves by a more 

modest 23%, while the change of the reverse sweep is nearly negligible at 2.4%.  In fact, 

the reverse peak distinguishes itself by changing remarkably little.  While the position of 

peak centers of the forward sweeps in both media decreased by about 20mV, and the 

peak center of the reverse sweep increased by about the same amount, the behavior of the 

reverse sweep in base remains unaltered.  This could indicate that the oxidizing sweep to 

higher potentials creates conditions that limit the Pt surface, possibly related to minor 

destabilization of the niobia support.  This would be consistent with the observation that 

overall improvement is significantly better in the less oxidizing environment of 0.1M 

HClO4.  It also appears that Pt which is both deposited and electrochemically tested in an 

environment purged of oxygen can continuously recover Pt surface sites at the lowest 

potentials of the cycle.  Ultimately, these results also suggest that the presence of oxygen 
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has a negative impact on the electrocatalytic activity of Pt/niobia.  Although, because the 

electrode is still exposed to aqueous solution, these results are still subject to passivation 

reactions involving the decomposition of H3O/H2O to form Nb-Ox or free oxygen.  

 

7.4.4 Support Crystallization 

In order to test the hypothesis of Pt surface inhibition from instability of niobia in highly 

oxidizing environments, a fresh sample was prepared consisting of Pt nanoparticles 

(60%) in an amorphous matrix of 10%Nb, 10%Ru and 20%O.  A lower weight percent of 

niobium was used for several reasons.  The suppression of H2 and OH activity of 

platinum supported on niobia has been shown to be quite dramatic, even for gas phase 

reactions, necessitating the use of higher ratios of catalyst to support in order to affect 

observable differences in catalytic behavior.  In addition, most studies in the literature 

involving niobia as part of an electrocatalyst have employed the metal oxide as a minor 

component 
61, 161, 165

.  This is largely because of its relatively poor electric conductivity as 

Nb(V) and the difficulty in maintaining the surface in a more greatly reduced oxidation 

state in the presence of oxygen 
138, 162

. 
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Figure 7.13:  Cyclic voltammograms of Pt/NbRu yOz (wt% - 60:10:10:20) after different 

heat treatments including immediately after spray pyrolysis heating to 300 °C and 650°C in 

10%H2 /N2 for 4hrs.  (A) 50mV/s in 1M KOH.  (B) 50mV/s in 1M KOH and 0.5M EtOH.  

(C) 10mV/s in 0.1M HClO 4.  (D) 50mV/s in 0.1M HClO 4 and 0.5M EtOH.  

 

 

Table 7.5:  Total Charge Density and 0.5M Ethanol Oxidation Peak Dimensions (CV) for 

Pt/NbRuyOz (wt% - 60:10:10:20) Before and After Heat Treatments 
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Each plot in Fig.7.13 shows three sets of cyclic voltammograms.  These include 

performance of the powder immediately after spray pyrolysis and after thermal reduction 

at temperatures of 300°C (Pt-300) and 650°C (Pt-650) in 10%H2/N2.  The first reduction 

at 300°C is hot enough to thermally decompose any remaining precursor complexes and 

activate the platinum.  The second reduction occurs roughly 100°C higher than the 

crystallization temperature of niobia. While some limited sintering of Pt nanoparticles 

likely occurs, the primary difference between these samples is the presence of crystalline 

niobia.  The results are summarized in Table 7.5. 

After support crystallization, there is a substantial decrease of 74% in the total charge 

density of the voltammogram in acid media, nearly twice that of the same decrease in 

base.  In acid, the total area of the forward sweep as well as the EOR peak center do not 

change even though the maximum current increases by 29%.  This correlates with a 

proportional decrease in the hydrogen region.  The maximum current of the reverse 

sweep increases by 79% and is roughly equal to the intensity of the forward sweep.  Prior 

to support crystallization, this was not the case.  Again, this could indicate that the 

support and related passivation reactions are more greatly stabilized as a crystalline 

structure and interfere less with the Pt surface at or near potentials within the oxygen 

region. 

We see further suggestion of this behavior in base electrolyte, in which there was a 

comparatively dramatic increase in total charge of forward and reverse sweeps of 145% 

and 169%, respectively.  The peak centers of both sweeps shift 20-30mV towards more 

positive potentials.  The dramatic improvement of measured current in base compared to 

acid enforces the idea of inhibited surface sites of Pt supported by niobia in the presence 
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of oxygen.  Crystallization of the niobia support appears to greatly enhance the 

availability of active Pt sites. 

This analysis assumes that Pt nanoparticles remain relatively stable during the 

crystallization of niobia at 650°C for 3 hours.  The sintering behavior of Pt depends upon 

the nature of the support 
165, 166

.  It has also been shown that heating in an oxidizing 

atmosphere more greatly facilitates sintering on both carbon and metal oxide supports 
80, 

88, 167-169
.  We assume that changes in Pt particle size are minimal in the reducing 

atmosphere employed. 

Orilall et al. observed relatively high mass activity for Pt and Pt-Pb supported on 

crystalline mesoporous niobia-carbon composites (samples contained roughly twice as 

much carbon within the support as those of this study) for the electro-oxidation of formic 

acid in 0.1M H2SO4.  Though no amorphous support was presented, it was shown that 

Pt/NbO2-C showed improved current compared to Pt/Nb2O5-C.  In the absence of formic 

acid, cyclic voltammograms for both Nb(IV) and Nb(V) yielded a highly charged double 

layer absent of Pt redox features 
170

.  Niobia is a complex oxide with many forms, as 

demonstrated by the multiple polymorphs of Nb(IV) which the authors obtain by 

oxidizing and re-reducing the same sample.  The state of the bulk does not necessarily 

represent the state of the surface.   It is unclear how the native oxide layer varies between 

the two, particularly in alkaline electrolyte under various applied potentials.  But the final 

stability of the niobia surface is likely highly variable, depending upon factors including 

support crystallinity, as well as pH of the electrolyte 
158

.  And though samples discussed 

here were heat treated in a reducing atmosphere of 10%H2/N2 at 400°C, we previously 

showed that these conditions are not sufficient to reduce bulk Nb2O5 to NbO2 
138

. 
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In situ IRRAS results have shown that evolution of CO2 from ethanol in 0.1M HClO4 

begins at lower potentials on Pt/NbRuyOz than on Pt/XC72.  But it is not clear how much 

of the current of each sample measured in the voltammograms of Fig.7.13 is the result of 

complete oxidation.  Yang et al. asserted that there are two competing factors for overall 

catalytic activity of Pt.  Any increase in the average size of Pt nanoparticles during 

heating would adversely affect the EOR performance of the material due to lower catalyst 

surface area.  But it has also been shown for a similar system that the oxidation of CO on 

Pt/Al2O3 is structure sensitive, improving with increasing Pt nanoparticle size 
80

. 

Our studies here have shown that smaller Pt nanoparticles supported on amorphous 

niobia such as those in Pt-SP appear to be more effective at splitting the C—C bond in 

acid electrolyte.  This is probably due to a larger Pt-NbOx interfacial surface area.  And 

unlike the larger Pt nanoparticles of Pt-DI, IRRAS spectra for Pt-SP indicate an absence 

of CO, suggesting that oxidation to CO2 occurs very rapidly.  This Pt nanoparticle size-

dependent behavior found by comparing Pt-SP and Pt-DI can also be extended to the 

comparison of Pt-300 and Pt-650.  If there was substantially greater sintering of Pt on 

NbRuyOz at 650°C compared to 300°C, then the larger nanoparticles which would result 

on Pt-650 should be more susceptible to CO poisoning than those of Pt-300.  

Alternatively, the niobia support may stabilize Pt nanoparticles to some degree against 

sintering at these temperatures.  Unlike Pt/Al2O3 gas phase catalysis, C—C scission and 

CO oxidation appear to be less sensitive to the extrinsic properties of Pt nanoparticles.  

Instead, intermediate species of EOR may bond more strongly to Pt-NbOx interfacial sites 

until scission and complete oxidation are achieved. 
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But the total current per mass measured from EOR is extremely low.  Höbel et al. 

observed an irreversible 50% decrease in CO gas adsorption capacity for 

Pd/Nb2O5/Cu3Au(100) under UHV and ambient pressure after annealing above 27°C.  

This was due to changes in the electronic structure as opposed to catalyst sintering, which 

led the authors to conclude that the migration of Nb2O5 particles over Pd catalyst could 

not be responsible for the suppressed activity 
157

.  For 1%Pt/Nb2O5 gas phase catalysis, 

Guerrero et al. also observed a decrease in CO adsorption capacity, but noted that it 

remains high in the absence of H2.  They surmised that O2 and H2 dissociative adsorption 

remained unhindered in the presence of CO, hindering CO adsorption and oxidation 
156

. 

All of these observations have significant implications for Pt/NbRuyOz in aqueous 

electrolyte where the local concentrations of hydrogen and oxygen are much greater.  

Such selective adsorption behavior could inhibit the initial adsorption of ethanol or its 

partially oxidized subspecies.  An additional factor unique to the electrocatalyst is the 

necessity for steady ion transport through the electrolyte.  Under the active and selective 

surface conditions discussed, there is a greater potential for ions to become adsorbed or 

neutralized before diffusing far from the polarized double layer region. 

These studies appear to confirm the prevalence of Pt-NbOx surface sites, in which ethanol 

and its subspecies are more strongly bound than on Pt(111).  This improves instances of 

C—C scission before partially oxidized species desorb from the surface.  The niobia also 

appears to act as an oxygen promoter, facilitating CO oxidation to CO2.  But the 

adsorption kinetics of H2 and O2 species from electrolyte and atmosphere appear to 

dominate available catalyst surface sites, blocking adsorption of double and single carbon 

species and hindering the overall EOR performance.  Polarization of the electrode may 
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induce the exchange of hydrogen and oxygen to Pt from niobia directly.  In this case, the 

adsorption on Pt may partially proceed without the dissociation step.  Such a process 

could explain limited kinetics of EOR. 
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CHAPTER 8 - Electrochemical Studies and DFT Analysis of 

Suppressed Exchange Current Density of Pt Supported on NbRuyOz 

8.1 Pt/NbRuyOz Electrocatalyst 

The electrocatalyst is primarily comprised of porous, NbRuyOz particles 50nm-4µm in 

diameter.  These particles are decorated throughout the bulk and surface with platinum 

nanoparticles with an average diameter of 2nm.  Alone, the NbRuyOz support particles 

have an average oxidation state between Nb(4-5) and a BET surface area of 167m
2
/g due 

to a mesoporous structure, with pore diameters of about 5nm.  A loading of 60wt% Pt 

decreases the surface area to ~6m
2
/g.  Some of the decrease results from the addition of 

heavier platinum, while the remainder could be the result of pores plugged by those same 

Pt nanoparticles.  There is evidence that the strong metal support interaction between 

niobia and platinum in close proximity within the pores could result in the particle acting 

as an oxygen sponge which lowers the density of niobia near the Pt surface and 

eventually blocks other gasses. 

8.2 Electrochemical Aging Studies 

Cyclic voltammograms for Pt/XC72 (Fig.8.1A) before and after electrochemical aging 

show a significant decrease in early hydrogen desorption after -25mV.  A second feature 

immediately before the double layer (presumably H-desorption from Pt(100) and Pt(111)) 

appears more stable.  This is mirrored in the stability of the first Pt-O feature following 

the double layer, while oxidation at higher potentials decreases after aging.  The same 

Pt/XC72 particles were identified on the TEM grid before and after electrochemical 
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aging, shown in Fig.8.2.  Pt nanoparticles do not remain static on the support surface.  

Larger carbon particles have also shifted, though specific surface changes are unclear. 

 

Figure 8.1:  Cyclic voltammograms of (A) 30% Pt/XC-72 and (B) 60% Pt/NbRuyOz in 

0.1M HClO4  at a scan rate of 10mV/s (Ag/AgCl).   Each plot shows the 10th cycle 

measured before and after the e lectrode was exposed to 3600 cycles at 1V/s.  
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Figure 8.2:   TEM images of particles of 30% Pt/XC-72 (A) before and (B) after  3600 

cycles at 1V/s in 0.1M HClO 4.  Migration of Pt nanoparticles after aging is apparent.  
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The results for Pt/NbRuyOz exhibit a different type of degradation.  The expected features 

reflecting changes in Pt surface oxidation in Fig.8.1B are very subtle, but remain 

consistent before and after aging.  Instead, there is no distinct double layer and the CV is 

dominated by charging.  The interface of niobia with atmospheric oxygen and aqueous 

electrolyte is highly active.  Niobium and niobia generally have a thin, native oxide layer 

that is subject to fluctuations in oxidation state 
162

.  The layer is usually extremely thin 

and permeable to common ions, resulting in observed effects such as oxygen absorption 

and hydrogen intercalation.  Here, a second, similar form of surface activity appears to 

dominate the electron exchange activity occurring on the electrode, masking or 

preventing features associated with platinum.  The final sweep after aging is identical to 

the initial sweep, except for an increase in overall charging. 

 

 


