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Scanning electrochemical microscopy (SECM) was used for the study and 

characterization of catalytic and electrocatalytic processes occurring at electrodes.  The 

Surface Interrogation mode (SI-SECM) was introduced for the detection and 

quantification of adsorbed intermediates and products of catalyzed chemical and 

electrochemical reactions at noble metals (Pt, Au). In SI-SECM two micro electrodes (i.e. 

an SECM tip and a substrate of the desired material) are aligned concentrically at a 

micrometric distance where SECM feedback effects operate. A contrast mechanism 

based on feedback effects allows for the detection of reactive adsorbed intermediates at 

the substrate: the SECM tip generates a reactive homogeneous species that “micro-

titrates” the substrate adsorbates to yield an electrochemical signal that contains 

information about the amount of intermediate and about its kinetics of reaction with the 

redox mediator. The technique was used for the study of the reactivity of three model 

small adsorbates: 1) the reactivity of adsorbed oxygen on Au and Pt with a reducing 

mediator was explored and suggested the detection of “incipient oxides” at these 
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surfaces; kinetic parameters of the reactivity of Pt oxides with mediators were obtained, 

fit to theory and used to explain observations about the electrocatalytic behavior of Pt 

under anodizing conditions; 2) the reactivity of oxidizing mediators with adsorbed 

hydrogen on Pt was studied and showed the cation of N,N,N,N-tetramethyl-p-

phenylenediamine (TMPD) to be a successful interrogation agent, the detection of 

hydrogen generated by the decomposition of formic acid on Pt at open circuit was 

investigated; 3) electrogenerated bromine was used to catalytically interrogate carbon 

monoxide at Pt, this reaction was previously unreported. The mentioned applications of 

SECM were validated through the use of digital simulations of diffusion in the complex 

SECM geometry through flexible commercial finite element method software.  



 viii 

Table of Contents 

List of Tables ...........................................................................................................x 

List of Figures ........................................................................................................ xi 

Chapter 1. Introduction to the Surface Interrogation Mode of SECM ....................1 

1.1 Introduction to Ultramicroelectrodes ........................................................2 

1.2 The Feedback Mode ..................................................................................9 

1.3 The Surface Interrogation Mode .............................................................20 

1.4 Simulation of the Surface Interrogation Mode .......................................25 

1.5 References ...............................................................................................35 

Chapter 2. Detection and Quantification of Pt and Au oxides ...............................38 

2.1 Introduction .............................................................................................38 

2.2 Experimental ...........................................................................................38 

2.3 Detection of Oxides and Comparison to Simulation ..............................43 

2.4 Quantification of Oxides .........................................................................49 

2.5 Conclusions .............................................................................................65 

2.6 References ...............................................................................................66 

Chapter 3. Detection and Quantification of Adsorbed Hydrogen at Pt .................68 

3.1 Introduction .............................................................................................68 

3.2 Experimental ...........................................................................................70 

3.3 Selection of Suitable Redox Mediators...................................................76 

3.4 Quantification of Adsorbed Hydrogen....................................................84 

3.5 The Open Circuit Decomposition of Formic Acid at Platinum ..............93 

3.6 Correction of SI-SECM Scans ..............................................................103 

3.7 Other Examples: H absorption at Palladium .........................................109 

3.7 Conclusions ...........................................................................................113 

3.8 References .............................................................................................115 



 ix 

Chapter 4. The reaction of Adsorbed Carbon Monoxide on Platinum with 
Electrogenerated Bromine ..........................................................................118 

4.1 Introduction ...........................................................................................118 

4.2 Experimental .........................................................................................119 

4.3 Quantification of Carbon Monoxide .....................................................122 

4.4 Mechanistic Aspects of SI-SECM of Carbon Monoxide ......................130 

4.5 Conclusions ...........................................................................................137 

4.6 References .............................................................................................138 

Chapter 5. SI-SECM Kinetic Characterization of Pt Oxides ...............................140 

5.1 Introduction ...........................................................................................140 

5.2 Experimental .........................................................................................147 

5.3 Simulations and related calculations .....................................................151 

5.4 SI-SECM reduction of platinum oxide at open circuit .........................161 

5.5 Comparison of chemical and electrochemical routes ...........................179 

5.6 Conclusions ...........................................................................................188 

5.7 References .............................................................................................189 

Outlook ................................................................................................................193 

Appendix A. Fabrication of PTFE Selectively Insulated Microelectrodes ..........194 

A.1  Motivation ...........................................................................................194 

A.2 Experimental ........................................................................................197 

A.3 Characterization ...................................................................................201 

A.4  Application to Electrocatalyst Imaging...............................................212 

A.5 Conclusions ..........................................................................................215 

A.6 References ............................................................................................216 

Appendix B. Publications derived from SECM work .........................................218 

References ............................................................................................................221 

Vita… ...................................................................................................................233 



 x 

List of Tables 

Table 1.1. Coefficients for the Positive Feedback expression in Equation 1.2.1. ............ 13 

Table 1.2. Coefficients for the Negative Feedback expression in Equation 1.2.2. .......... 13 

Table 3.1. Estimated H(ads)  adsorption  rate and accumulated error for the     
corresponding measured coverage for the data in Figure 3.15. ...................................... 108 

Table 4.1.   Quantification of QCO on Pt by SI-SECM and comparison to                        
QH obtained by CV in blank conditions. ......................................................................... 129 

Table 5.1. Relevant parameters for the fitting of positive feedback CV                        
scans for various Pt Oxide-reducing mediators. ............................................................. 154 

Table 5.2. Coverage and rate parameters used for the fitting of                                        
SI-SECM curves. ............................................................................................................ 166 

 



 xi 

List of Figures 

Figure 1.1. Properties of an ultramicroelectrode (UME) SECM tip. ................................. 4 

Figure 1.2. Depiction of Negative and Positive Feedback at a large substrate. ............... 10 

Figure 1.3. Family of normalized approach curves with finite substrate kinetics. .......... 16 

Figure 1.4. Depiction of the effect of substrate size on Open Circuit feedback. ............. 19 

Figure 1.5. Schematics of the proposed mechanism for the Surface Interrogation. ........ 23 

Figure 1.6. Description of the general SI-SECM simulation space and conditions. ........ 27 

Figure 1.7. Representative LSV results of digital simulations for SI-SECM. ................. 31 

Figure 1.8. SI-SECM dependence of scan rate and in chronoamperometric mode. ........ 34 

Figure 2.1. Experimental positioning and alignment of electrodes for SI-SECM. .......... 41 

Figure 2.2. Test of the reactivity of electrogenerated Au oxides with Ru(NH3)6
2+. ........ 44 

Figure 2.3. Representative SI-SECM result of mediated reduction of Au oxide............. 46 

Figure 2.4. Comparison between experimental and simulated SI-SECM of PtO. ........... 48 

Figure 2.5. Reactivity of Au oxides by CV and by SI-SECM with Ru(NH3)6
2+. ............ 50 

Figure 2.6. Comparative isotherm obtained by CV and SI of gold oxide in pH=7. ........ 51 

Figure 2.7. Blank curves for Pt, Au oxide SI experiments, reductive mediators. ............ 54 

Figure 2.8. Reactivity of Pt oxides by CV and by SI-SECM with Ru(NH3)6
2+. .............. 56 

Figure 2.9. Comparative isotherm obtained by CV and SI of Pt oxide in pH=7. ............ 57 

Figure 2.10. SI-SECM  of Au oxides in TRIS buffer mediated by Ru(NH3)6
2+/3+. ......... 60 

Figure 2.11. SI-SECM  of Au oxides in PBS buffer mediated by MV2+/+. ...................... 62 

Figure 2.12. Example of SI-SECM of Au oxide using chronoamperometry. .................. 64 

Figure 3.1. Electrocatalytic and catalytic formation routes of H(ads) on Pt. ..................... 71 

Figure 3.2. Depiction of the H(ads) SI-SECM process and expected response. ................ 72 

Figure 3.3. Energetics of mediators with respect to the behavior of Pt in acid. .............. 78 

Figure 3.4. SI-SECM of H(ads) on Pt using TMPD as mediator. ...................................... 79 

Figure 3.5. Potentiometric titration of a TMPD solution. ................................................ 81 

Figure 3.6. Feedback scans for oxidizing mediators on a Pt substrate. ........................... 83 

Figure 3.7. Surface interrogation of H(ads) at Pt with FcMeOH at pH = 4. ...................... 85 

Figure 3.8. Surface interrogation of H(ads) on Pt at different dosing. ............................... 87 

Figure 3.9. Comparison of the normalized charge from SI and substrate CV. ................ 88 

Figure 3.10. Estimation of TMPD adsorption at a Pt electrode by CV and CA. ............. 90 

Figure 3.11. SI-SECM of H(ads) on Pt in the presence of H2 decomposition. .................. 92 

Figure 3.12. Open circuit potential transient of Pt in the presence of HCOOH. ............. 95 

Figure 3.13. SI-SECM oxidation scans with TMPD as mediator at different                
OCP of Pt in the presence of HCOOH.............................................................................. 96 

Figure 3.14. Reversibility of OCP and SI-SECM measurements and O2 effects               
on a Pt electrode in the presence of HCOOH and TMPD as mediator. ............................ 98 

Figure 3.15. H(ads) coverage vs. OCP for the decomposition of HCOOH at Pt                  
as measured by SI-SECM with TMPD as mediator. ........................................................ 99 

Figure 3.16. SI-SECM evaluation of the reactivity of CO with TMPD. ....................... 102 

Figure 3.17. θH vs. time as obtained from SI-SECM and OC vs. t data, fit to model.... 105 

Figure 3.18. Depiction of correction procedure for HCOOH decomposition. .............. 110 



 xii 

Figure 3.19. SI-SECM of Adsorbed and Absorbed H at Pd. ......................................... 112 

Figure 4.1. Depiction of feedback in SI-SECM of CO(ads) titrated with Br2. ................. 123 

Figure 4.2. Comparison of NF and PF scans of the Br-/Br2 couple on Pt. ..................... 125 

Figure 4.3. SI-SECM of CO(ads) on Pt titrated with electrogenerated Br2. ..................... 126 

Figure 4.4. SI-SECM of CO(ads) on Pt titrated with electrogenerated Br2, different ν. .. 127 

Figure 4.5. Effect of CO on the oxidation of Br- on a Pt macroelectrode. ..................... 132 

Figure 4.6. SI-SECM of CO(ads) on Pt coadsorbed with CN-. ........................................ 133 

Figure 4.7. Photographs of CO2 collection by precipitation of BaCO3. ........................ 135 

Figure 5.1. Schematic diagram (not to scale) of the system used to study                    
oxide reactivity with mediators by transient and steady state feedback. ........................ 142 

Figure 5.2. Verification of potential - pH dependence of Pt oxides. ............................. 149 

Figure 5.3. Determination of tip kinetic parameters for different mediators. ................ 153 

Figure 5.4. Description of SI-SECM simulation space and boundary conditions. ........ 155 

Figure 5.5. Oxide coverage vs. Potential on Pt in the presence of different          
mediators. ........................................................................................................................ 163 

Figure 5.6. CV of Pt in the presence of Ruhex at different pH. ..................................... 164 

Figure 5.7. SI-SECM of Pt oxide using MV as mediator, pH = 11.3. ........................... 167 

Figure 5.8. SI-SECM of Pt oxide using MV at different scan rates. ............................. 169 

Figure 5.9. SI-SECM of Pt oxide using Ruhex as mediator, pH = 4. ............................ 171 

Figure 5.10. SI-SECM of Pt oxide using Ruhex as mediator, pH = 6.8. ....................... 172 

Figure 5.11. SI-SECM of Pt oxide using FeEDTA as mediator, pH = 6.8. Low θOX .... 174 

Figure 5.12. SI-SECM of Pt oxide using FeEDTA as mediator, pH = 6.8. High θOX. .. 175 

Figure 5.13. SI-SECM of Pt oxide using Ferricyanide as mediator, pH = 6.8. ............. 176 

Figure 5.14. Dependence of Pt oxide reduction rate constant on reducing power of 
mediator. ......................................................................................................................... 177 

Figure 5.15. MV steady-state feedback on Pt at positive substrate potentials. .............. 181 

Figure 5.16. Ferricyanide feedback on Pt at anodizing substrate potentials. ................. 182 

Figure 5.17. FeEDTA feedback on Pt at anodizing substrate potentials. ...................... 184 

Figure 5.18. Logarithmic plot of heterogeneous substrate rate constant for            
FeEDTA feedback versus estimated PtO thickness. ....................................................... 186 

Figure 5.19. Effect of the addition of cyanide to FeEDTA feedback on Pt. .................. 187 

Figure A.1. Schematic of a TG-SC experiment for electrocatalyst screening. .............. 195 

Figure A.2. Steps for the fabrication of  insulated GC microelectrode arrays. .............. 199 

Figure A.3. Insulating properties of a PTFE layer over a GC electrode. ....................... 202 

Figure A.4. Capacitive current vs. ν for a PTFE covered GC electrode. ....................... 205 

Figure A.5. Microphotographs (250µm × 330µm) of holes on PTFE-covered GC. ..... 206 

Figure A.6. Control of GC spot size by dispensing of resin drops. ............................... 208 

Figure A.7. SECM image of a PTFE-covered GC-microarray substrate. ...................... 210 

Figure A.8. Background reduction in PTFE-covered GC microarray. .......................... 211 

Figure A.9. SECM imaging of H2 oxidation on Pd over a PTFE-covered GC. ............. 213 

Figure A.10. Background currents for a GC electrode with and without Pd. ................ 214 



 1 

 

Chapter 1. Introduction to the Surface Interrogation Mode of SECM 

The electrochemical investigation of outer sphere electron transfer reactions 

coupled to complicated homogeneous reactions has become highly developed over the 

last decades because of the utilization of powerful techniques, like cyclic and 

ultramicroelectrode (UME) voltammetry and digital simulations.1,2 However, 

understanding inner sphere electrocatalytic reactions is more difficult because of their 

greater complexity and the difficulty in obtaining reliable quantitative data about 

intermediates and products on electrode surfaces.   A variety of electrochemical and 

surface spectroscopic methods that can be employed with electrodes have been 

developed,3 however it has been difficult to obtain the needed versatility and sensitivity 

to address complex electrochemical processes. We propose here an in-situ 

electrochemical technique based on the scanning electrochemical microscope (SECM)4 

for the quantification of adsorbed species at electrodes that we hope will have an impact 

in this area. The operation of this technique is based on the feedback mode of SECM, 

which is one of the first developed5 and perhaps one of the most distinctive of this 

technique.  This is due to its ability to correlate an electrochemical signal at the SECM tip 

to topographical, chemical, and electrochemical features6 in such distinct systems as the 

imaging of interdigitated arrays7 or the components of a leaf,8 the detection of an 

immobilized enzyme9 and the heterogeneous kinetics of semiconductors.10  The SECM 

tip is able to detect changes in the electrochemical signal produced by the concurrent 

production and collection of the species of a mediator pair (O/R, where only one of the 

species is present initially in solution); variations in the diffusive flux of these species 

caused by interaction with the substrate allow the current measured at the SECM tip to 
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respond accordingly. One of the most useful features of SECM is the ability to calculate 

the tip current as a function of different solution and interfacial phenomena, i.e., 

electrochemical kinetics, by digital simulation.4  We can then indeed consider the 

mediator pair to be an interrogation agent that reports to the SECM tip about the state of 

the surface being examined. 

Before stepping into the description of the Surface Interrogation mode of SECM 

(SI-SECM), of which this study consists, it is necessary to introduce the reader to the 

theory of ultra micro electrode voltammetry and its relationship to the Feedback mode of 

SECM (Sections 1.1 and 1.2), on which the SI-SECM mode is based on.  

    

1.1 INTRODUCTION TO ULTRAMICROELECTRODES 

 

In most applications, the SECM is used as a scanning probe technique in which 

the diffusive interactions of an electroactive species between a tip electrode (the SECM 

probe) and a substrate electrode are measured in the form of an electrochemical current. 

This is particularly true for the feedback mode, where the measured current is a function 

of distance and electrochemical phenomena but typically not of time; transient studies 

can be carried out when the inter-electrode distance is known, typically after time-

independent manipulations of the tip and substrate have been carried out for their 

positioning. The extent of these diffusive interactions determines in a way the selection 

and design of the electrodes used for SECM measurements; in specific, for the 

achievement of a time-independent current at the tip electrode due to diffusion of an 

electroactive species, ultramicroelectrodes (UME) are used. There is no general 

agreement on the exact definition of an ultramicroelectrode (UME) and for historical 
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reasons it seems that any convention is only applicable in well defined contexts (e.g. bulk 

electrolysis versus microanalysis)1,11,12 so we will focus on the context pertaining to 

electroanalytical techniques, i.e. the SECM in our case. A UME can be considered as any 

electrode in which at least one of its dimensions is smaller than the dimensions of its 

diffusion layer, δ, which is developed upon realization of an electrochemical reaction, 

e.g. reduction of O into R for a reversible redox couple. Amongst available UME shapes 

such as micro hemispheres (radius, r < δ) or bands (width, w < δ) , the microdisk 

electrode is the best choice in order to maximize the changes of the electrochemical 

signal with respect to inter-electrode distance and also for its ease of fabrication and use. 

Figure 1.1 panel A shows a schematic of an SECM tip consisting of a micro wire that is 

embedded into an insulating material such as glass in order to expose only a microdisk 

face. The most relevant dimensions in such a UME tip are the radius of the electroactive 

material, a, and the total radius of the bottom face which includes the insulating portion 

of the electrode, rg. In the SECM literature a dimensionless number that characterizes the 

sharpness of the tip is defined as RG = rg/a; SECM tips typically have an RG that ranges 

from close to 1 to up to 10 and allow for positioning of the probe at micrometric 

distances from the substrate.  

For explanatory purposes, we can assume a Nernstian system, for instance, the 

kinetically uncomplicated reduction of O to R as shown in Equation 1.1.1. This reaction 

can proceed under diffusion limiting conditions at the surface of an electrode, i.e. at a 

sufficiently negative potential E with respect to the formal potential E
0’ according to 

Equation 1.1.2, e.g. E ≈ E0’- 3RT/nF (where R is 8.314 J/K, T the temperature in K, F is 

Faraday’s constant 96,485 C and n=1 for the number of electrons involved) such that the 

ratio of concentrations at the electrode CO,el/CR,el is negligible and the maximum 

difference in the bulk concentrations of O and R (CO* and CR* respectively) is attained.  
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Figure 1.1. Properties of an ultramicroelectrode (UME) SECM tip. 

(A) Schematics of a UME tip with radius a and flat end rg; the process O + e � R 

proceeds mainly through radial diffusion. (B) 2D cross sectional plot of the concentration 

profile for species O and R when the UME microdisk operates at diffusion limited 

conditions, steady state. CO* = 1 mM, CR* = 0. (C) Steady state voltammogram for the 

process O + e � R; current is normalized with respect to the steady state limiting plateau 

current.  
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O + e ⇌ R        (1.1.1)  

 

� = �	
 + ��
� �� ��,��

��,��
      (1.1.2) 

 

For a large planar electrode, i.e. an electrode whose diffusion layer is much 

smaller than the geometrical dimensions of its electroactive surface, that is immersed in a 

solution containing only O, the current response for reaction 1.1.1 proceeding at the 

diffusion limited reduction rate after a potential step from rest to a sufficiently negative 

potential can be described by the Cottrell equation, as shown in Equation 1.1.3.  

 

�(�) = ����
�/���

∗

(!")�/�        (1.1.3) 

 

where A is the area of the electrode, DO the diffusion coefficient of species O and t is the 

time after the beginning of the potential pulse. The Cottrell equation applies in systems 

where linear diffusion (1D) dominates the response of the electrode. The diffusive flux 

created by consumption of O at the surface of a large electrode can be described as 

homogeneous at all parts of the electrode, except at its edges, however the contribution of 

these to the overall response of the large electrode is small. Notice that the Cottrell 

equation predicts that the current at a large electrode decays proportionally to the inverse 

square root of time. The size of the diffusion layer can be approximated by Equation 

1.1.4, which also shows that this measure is time dependent: 

 

# = $2&'�        (1.1.4) 
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 As an example, if the radius of the large electrode is 1 cm and for a redox species 

with DO = 1×10-9 m2/s, its diffusion layer will grow to the extent of its radius in 50,000 s, 

approximately 14 hours! In these conditions however, mass transport to the electrode 

cannot be solely described by diffusion, and other effects such as convective phenomena 

have to be invoked. From Equation 1.1.4 it is intuitive that for smaller electrodes the size 

of the diffusion layer can approach their dimensions faster.   

It is found that for such smaller electrodes, such as UME, the contribution of the 

edges of the electrode (i.e. the boundary between then glass and microwire in Figure 1.1 

panel A) is more important than for large electrodes, and the system has to be then 

described by diffusion in 2D (mass transport in z and r); diffusion in this case also 

exhibits a radial profile rather than linear. In this case, the diffusion layer cannot grow 

indefinitely and eventually reaches a limiting value11 as approximated in Equation 1.1.5:  

 

# = !
( )        (1.1.5) 

 

   The consequence of reaching a limiting diffusion layer is that the current 

reaches a steady state, i.e. a constant value, which is the requisite we originally 

formulated for the use of UME’s in SECM. The temporal response for a UME is more 

complex than the Cottrell equation because of the inclusion of edge effects and has been 

solved numerically (e.g. by using implicit finite difference methods in 2D like the 

hopscotch algorithm) and fitted to expressions such as the one reported by Shoup and 

Szabo13, Equations 1.1.6 to 1.1.8 (alternative expressions also exist)1,11: 
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-(.) = 0.7854 + 0.8862.56/7 + 0.214695	.:;7<=>�/�
 (1.1.7) 

 

. = (��"
?�         (1.1.8) 

 

Evaluation of i(t) reveals, as mentioned, the attainment of a steady state current, 

although this has to be evaluated in its proper time context; at values of τ larger than 100 

the contribution of the steady state current to i(t) is more than 90% of it. For a 12.5 µm 

UME and DO = 1×10-9 m2/s, this means about 4 seconds. Consider that this time is orders 

of magnitude smaller than for a large electrode, and therefore experimentally accessible. 

For a UME with an infinite RG the limiting steady state current (i.e. obtained under 

diffusion limited conditions) can be well approximated by Equation 1.1.9.  

 

�@AB,CC = 4�+)&','
∗       (1.1.9) 

 

   Equation 1.1.9 is usually the first at hand to model the response of a UME, 

however the development of a diffusion layer based on radial diffusion carries deviations 

at small values of RG;13,14  for instance at RG=10 the numerical coefficient in Equation 

1.1.9 is replaced by 4.04 instead of 4, by 4.43 at RG=2 and by 5.14 at RG=1.1. This is a 

consequence of back diffusion, and typically is a difficult effect to predict accurately in 

very sharp tips. Figure 1.1 panel A schematizes the combined effects of radial and back 

diffusion to a UME SECM tip, while Figure 1.1 panel B shows the results of a digital 

simulation of the concentration profile of O and R for a UME SECM tip operated at 
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diffusion limited conditions; the formation of a radial diffusion layer and its dimensions 

can be well appreciated in this example.  

The voltammetric properties of a UME, in contraposition to its complex transient 

behavior, are much simpler to discuss. For a kinetically uncomplicated system that 

follows Nernstian behavior, the voltammogram follows the sigmoid shape predicted for 

steady state behavior as shown in Equations 1.1.10 and 1.1.11, where the limiting plateau 

current has been described by Equation 1.1.9:15  

 

�(�) = A�DE,FF
G         (1.1.10) 

 

H = 1 + ��
��

9IJK
�L(M5MNO)P       (1.1.11) 

                                                       

Equation 1.1.10 holds for any RG, but its applicability will also depend on the 

scan rate at which the voltammogram is run, i.e. just as the chronoamperogram in 

Equation 1.1.6 exhibits a transient at short times, a CV at high scan rate will exhibit 

linear diffusion since its diffusion layer does not grow to similar dimensions to a.14 

Assuming again that steady state conditions apply at τ = 100 and for a 12.5 µm UME and 

DO = 1×10-9 m2/s, which yielded 4 s as transition time: if a 400 mV scan is enough to 

describe a Nernstian system, then a transition between transient and steady state behavior 

will be expected at approximately 100 mV/s. Notice also that smaller UMEs have shorter 

transition times, thus offering steady state voltammograms at higher scan rates. Figure 

1.1 panel C shows an example of a steady state voltammogram; normalization with 

respect to the plateau limiting current is possible since only Equation 1.1.11 (in fact an 

expression of the Nernst equation) determines the shape of the curve.      
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1.2 THE FEEDBACK MODE 

 

In the feedback mode of SECM, a UME SECM tip is approached to a substrate; 

the type of substrate and the experimental and technical conditions that are used will have 

an impact in the tip current, whose response can be used to describe processes occurring 

at the substrate (in addition to those of the tip). The feedback theory considers two 

limiting cases for the description of the tip current, namely negative and positive 

feedback, as shown schematically in Figure 1.2 panels A and B respectively. In both 

cases the SECM tip is approached perpendicularly to the substrate such that the flat end 

of the tip with the embedded microdisk is placed parallel to the substrate at a distance d.  

This configuration maximizes the interaction of the diffusion layer at the UME with the 

substrate; a dimensionless distance can be expressed as L = d/a. A most important 

property of SECM is that at distances d < a (or L < 1) the tip response exhibits a 

transition in its mass transfer coefficient which behaves inversely proportional to d rather 

than to a.16 Mass transfer to the tip, and therefore its electrochemical response, will 

strongly be a function of the inter-electrode distance; this is a powerful feature of SECM 

since the tip-substrate distance can be selected, and if made small, it can offer high 

quality of data for electrochemical experiments such as kinetic measurements, as well as 

relieving technical challenges of UME fabrication. As an example, it is easier to fabricate 

a 10 µm tip and approach it to 1 µm to a substrate than to fabricate a 1 µm UME.    

We will consider once again a Nernstian system for the reduction of O to R at the 

tip.  In negative feedback experiments, the tip is approached to an insulating substrate, or 

in more general terms, a substrate that cannot regenerate the consumed species in the tip-

substrate gap. Since the diffusive flux O is blocked by the presence of the substrate, the 

current of the tip decreases; the extent of such decrease will depend on the exact 
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Figure 1.2. Depiction of Negative and Positive Feedback at a large substrate.   

(A) An SECM tip is approached to an insulating substrate where diffusion towards the 

microdisk is blocked; the simulated concentration profile shows accumulation of the 

product in the inter-electrode gap. (B) 2D cross sectional plot of the concentration profile 

of R when an SECM tip is approached to a substrate that performs the opposite reaction 

to that on the tip; the simulated concentration profile shows the buildup of a narrow 

diffusion layer for the product in the inter-electrode gap.  
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geometry of the substrate and on L. As shown in the simulated concentration profile of 

Figure 1.2 panel A, another important effect is that the electrogenerated species R 

accumulates in the tip substrate gap; as it is conceivable, the larger the RG, the more the 

diffusive flux of O will be blocked and the more R will accumulate. Negative feedback is 

strongly dependent on RG. Smaller values of L lead to smaller currents as well.  

In positive feedback experiments, the tip is approached to a conductive substrate, 

or in more general terms, a regenerating boundary. As depicted in Figure 1.2 panel B, the 

substrate in this case is biased to a potential where it can carry out the inverse reaction to 

that of the tip; for instance, in a solution that initially contains only O and with 

electrochemistry described by the voltammogram shown in Figure 1.1 panel C, the 

substrate would be set for instance 200 mV more positive than E0’; at this potential the 

substrate is able to regenerate O (at diffusion limited conditions) from the flux of R 

delivered by the tip (and ideally not able to perform any other transformation). The 

recycling action of the substrate prevents R from accumulating in the gap between the 

electrodes, and as can be inspected in Figure 1.2 panel B for the concentration profile of 

R, diffusion out of the inter-electrode gap is less important; the diffusion layer of the tip 

is also compressed and spatially limited by d. Because of this regenerating action of the 

substrate, the mass transfer coefficient increases and is strongly dependent on L; the 

current at the tip increases with decreasing L.   

Part of the success of SECM resides in the ability to confirm quantitatively the 

experiment with the theory. Much of the theory however, has been developed in terms of 

simulation and semi-analytical expressions; this is a consequence of the complex 

geometries and number of parameters involved in calculations, as well as from the 

contribution of the already complex diffusion problem posed by UMEs. The two limiting 

cases, positive and negative feedback, can be expressed for instance in terms of a sum of 
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terms that include hyperbolic and exponential relationships to L. There are certain 

normalizations that alleviate considerably the complications arising by the number of 

parameters.  Distance normalization through L has already been introduced; likewise the 

current at the SECM tip can be normalized through the use of the steady state limiting 

current at the UME at “infinite” distance from the substrate, that is, iT,∞ = ilim,ss(L→∞) , 

and IT(L) = iT(L)/iT,∞, where iT(L) is the current read at a given distance from the 

substrate. Equations 1.2.1 and 1.2.2 with corresponding Table 1.1 and Table 1.2 show the 

expressions for positive and negative feedback respectively for chosen values of RG.17 

Notice that these expressions are simplified in that they assume a Nernstian reaction, and 

assume both electrodes under diffusion limited conditions and the substrate to be of 

infinite size compared to the tip microdisk.   

 

Q�(R) = S + T
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Even for the least uncomplicated cases, other approaches exist and are based also 

on simulation and fitting to polynomial expressions similar to the ones presented in Table 

1.1 and Table 1.2.18 The more general case of finite heterogeneous kinetics at the 

substrate, that is, when the substrate does not or cannot operate at diffusion limited 

conditions, has been treated further;19,20 however the complexity of these cases has 

yielded more complex semi-analytical expressions, for instance, Lefrou has introduced 

solving procedures based on Bessel functions that yield in certain cases very easy ways of 

estimating the response of the tip,21 but that inherently upon introduction of parameters 
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Table 1.1. Coefficients for the Positive Feedback expression in Equation 1.2.1.  

 

RG A B C D 

1.1 0.5882629 0.6007009 0.3872741 -0.869822 

2.0 0.6686604 0.6973984 0.3218171 -1.744691 

10 0.7449932 0.7582943 0.2353042 -1.683087 

 

 

 

 

Table 1.2. Coefficients for the Negative Feedback expression in Equation 1.2.2.  

 

RG A B C D E F 

1.1 1.1675164 1.0309985 0.3800855 -1.701797 0.3463761 0.0367416 

2.0 0.7838573 0.877792 0.424816 -1.743799 0.1638432 0.1993907 

10 0.4571825 1.4604238 0.4312735 -2.350667 -0.145437 5.5768952 
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like the size of the substrate, inequalities in the diffusion coefficients, the effect of RG or 

the consideration of accessibility of the redox mediator, become more complicated.20,22 

Since no exact analytical expression exists for SECM, the basis of comparison has been 

the results of numerical simulation (which has been thoroughly tested experimentally); 

indeed, while the implementation of sophisticated numerical simulation may require a 

deal of mathematical training for the uninitiated, the availability of commercial software 

such as COMSOL Multiphysics. This software uses the Finite Element Method for 

treating complex geometries with diffusion problems (in this case) through a graphical 

interface for the design of the geometry and declaration of governing equations, and has 

allowed a more straightforward way of comparing SECM experiments with predicted 

results. The description of the SI-SECM mode was developed in such a way and will be 

presented in section 1.4. As an example of the implementation of a more general SECM 

problem, we can simulate the electrochemical response of a system with a tip (a = 12.5 

µm, RG = 3) approaching to a substrate (with radius b = 25 µm, RG = 3) at different 

values of the substrate rate constant for re-oxidation of R to O (while the tip reduces O to 

R). The heterogeneous rate constant in the Butler-Volmer formalism can be expressed in 

terms of the standard rate constant k0 and the transfer coefficient α (f = 38.94 V-1 at 298 

K). For the forward process (reduction of O), Equation 1.2.3 applies, while for the 

backwards process (oxidation of R), equation 1.2.4 applies. Normalization of the rate 

constants can be achieved through Equation 1.2.5.16  

 

\] =  \	95^](M5MNO)      (1.2.3) 

 

\_ =  \	9(65^)](M5MNO)      (1.2.4) 
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` = aF?
�         (1.2.5) 

 

Figure 1.3 shows an example of a family of approach curves obtained through 

digital simulation for the case of finite substrate kinetics (in terms of K) and its 

comparison to the results of pure positive feedback and pure negative feedback according 

to equations 1.2.1 and 1.2.2 respectively. It is noteworthy in Figure 1.3 that the response 

of the tip does change dramatically at L < 1 and that rate constants can be measured in 

several orders of magnitude. Notice also that at distances L < 1 there is an increasing 

contrast between positive and negative feedback the lower the value of L. This property 

will be used in the following sections for the detection of chemical reactivity in the SI-

SECM mode.  

Transient techniques respond also to the changes in the mass transfer coefficient 

due to the positioning of the tip close to the substrate. The tip kinetics can be determined 

if the substrate kinetics operate at diffusion limited conditions, in this case Equations 

1.2.6 to 1.2.8 are useful (RG = 10): 15 

 

 Q�(R, �) = 	.b;XN.cdecc
W X	.<<6fZ>�.Ngc�

W

GX�
h

    (1.2.6) 

 

i = aNZ>jk(l>lNO)

B�
       (1.2.7) 

 

m' = AL(U)
!?����

∗        (1.2.8) 

 

 



 16 

 

 

 

 

 

 

Figure 1.3. Family of normalized approach curves with finite substrate kinetics.  

Results for finite substrate kinetics obtained from simulation with a = 12.5 µm, b = 25 

µm, RG = 3, CO* = 0.5 mM, DO = 6.2×10-10 m2/s and different values of ks; tip is 

operating at diffusion limited conditions.  Positive and Negative Feedback obtained from 

Equations 1.2.1 and 1.2.2.  
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Equations 1.2.6 to 1.2.8 can be used to determine the standard rate constant and 

the transfer coefficient for a sluggish tip reaction and then be applied for studies on the 

kinetics of the substrate itself. For a system with no kinetic complications at the tip, 

where the tip is operating at diffusion limited conditions and with the same restrictions 

for the recording of a steady state UME voltammogram, the CV response of the tip will 

simply be:  

 

Q�(�, R) = nL(U)
G        (1.2.9) 

 

where θ has been described in Equation 1.1.11 and IT(L) is the steady state limiting 

current of the SECM tip at distance L, regardless of the kinetics of the substrate. In other 

words, if the substrate operates completely under diffusion limiting conditions, the 

response will be that of a steady state cyclic voltammogram with an increased plateau 

current when compared to the voltammogram at infinite distance from the substrate. If 

the substrate is an insulator, it will exhibit a decreased plateau current. In both cases 

however, the voltammogram should exhibit the Nernstian sigmoid shape of Figure 1.1 

panel C. The contrast obtained from the transition of the substrate from a “regenerative” 

to a “non-regenerative” behavior will be of use in for the SI-SECM mode.     

A final aspect of the feedback mode that will have an impact in the 

implementation of SI-SECM is the effect known as open circuit (OC) feedback. When an 

SECM tip carrying out the reduction of O to R is approached to a conductive substrate 

that is isolated from electrical connection to the external circuitry, i.e. rests at open 

circuit, it is possible to observe the tip current increase in a similar fashion to positive 

feedback, this effect being more clear if the substrate exhibits uncomplicated kinetics and 

its size, e.g. its radius b, is larger than the microdisk a of the SECM tip.  
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If we assume that the substrate is kinetically well responsive to the O/R pair, the 

geometrical relation between a and b will determine the extent of open circuit feedback. 

Figure 1.4 depicts the situation for open circuit feedback for a large substrate electrode b 

> 2a and the same for a small substrate electrode b < 2a. The OC potential of the 

substrate (which is electrically isolated or floating), if assumed conductive enough, can 

be determined by evaluation the ratio of concentration of O to R at its surface according 

to the Nernst relationship, Equation 1.1.2. If originally in the solution there is only O, and 

we assume some traces of R, then the OC potential of the substrate will be poised 

positive of E
0’. As depicted in panel A of Figure 1.4, as the SECM tip, which is 

producing R and consuming O, is approached to the substrate, it will change locally the 

ratio of O to R at the surface of the substrate. If the substrate is much larger than the 

perturbation induced by the tip, then overall the OC potential of the substrate will change 

only slightly and it will remain positive of E
0’. Despite the fact that the substrate is 

isolated and no current can flow through an external circuit, there can be charge transfer 

within its conductive phase. Since the OC potential is positive, the system will tend to 

restore this condition and regeneration of R to O will occur locally below the tip; since 

there cannot be any net flux of species at the substrate because there is no external circuit, 

this reaction is compensated by the opposite process, reduction of O to R, occurring non-

locally. If the substrate is substantially smaller, roughly of the size of the tip (b < 2a), the 

OC potential of the substrate will now shift negative of E0’ because of larger excess of R 

with respect to O at its surface, as shown in panel B of Figure 1.4. No current can flow 

through an external circuit, and not transformation of R to O can happen since there is no 

option to compensate with O to R non-locally, thus, the response of the system is that of 

negative feedback at the tip.  
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Figure 1.4. Depiction of the effect of substrate size on Open Circuit feedback. 

(A)Open circuit positive feedback occurs when the conductive substrate is much larger 

than the microdisk of the tip; conductivity at the substrate can drive electrochemical 

reactions non-locally. (B) Open circuit negative feedback occurs when the conductive 

substrate is of similar size or smaller than the microdisk on the tip; there is no option for 

non-local regeneration of the mediator.  
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The first calculations on the extent of the OC positive feedback was reported 

assuming a “concentration cell” approach where the relative sizes of tip and substrate 

were directly reflected on the Nernst equation;23 more recently this case has been 

simulated by using Equation 1.2.10 to model the flux of species at the substrate:24  

 

o = −\	95^]IM�q,FrsF5MN′P,',Ct_C +  

                 + \	9(65^)](M�q,FrsF5MNO),�,Ct_C   (1.2.10) 

 

It follows from this study that for b < 2a the deviation from negative feedback is 

minimal, although measurable; complete negative feedback can only be achieved if b < a 

but then positive feedback upon bias of the substrate electrode is also decreased. It was 

also concluded that the RG of the tip plays an important role in the extent of OC feedback 

due to differences in the accumulation of the electrogenerated species: for instance in a 

system with b = 2a and L~0.15, with an RG = 10, IT~0.1, while for RG = 1.1, IT~0.8.24  

 

1.3 THE SURFACE INTERROGATION MODE 

 

The SI-SECM mode consists on a specific application of the Feedback mode 

under transient conditions, this allows for the quantification of finite amounts of reacting 

species. In SI-SECM, an SECM tip is approached to a small substrate of the material that 

is to be studied, e.g., both electrodes would typically be 12.5 µm in radius, a, held at a 

short distance from each other, d ca. 1-3 µm (such that L = d/a ≤ 0.2); a small size of the 

tip is required in order for adequate positioning of the setup, while the small substrate 

size is required due to the existence of open circuit feedback as described in section 1.2. 
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The sensing mechanism is based on bringing the substrate first to a potential to generate 

an intermediate or product on the electrode surface, then taking the substrate to open 

circuit and allowing the tip-generated member of a redox pair O/R to react chemically 

with an adsorbed species at the substrate electrode. The tip current during this last stage 

reports the amount of adsorbate to the SECM tip through a feedback loop. The chemical 

aspects of this application, in a sense, are analogous to modulated beam relaxation 

spectroscopy (MBRS) used in vacuum for gas-solid studies of catalysis25 in which a 

generated reactive species is allowed to interact with an adsorbate; the products of the 

reaction of the adsorbed species with the reactive molecular beam in MBRS are analyzed 

through different techniques, often mass sensitive such as mass spectrometry, however in 

the case of electrochemical setups this is more challenging due to the presence of the 

electrolytic medium. Thus, SI-SECM is unique in that the reactive species generation and 

the detection scheme are integrated into a same electrochemical setup as enabled by the 

feedback mode of SECM and correspondingly intended for its use in solution.  

The SECM has been used previously for novel studies on a variety of surfaces and 

interfaces, such as in the quantification of intermediates released during an 

electrochemical reaction,26,27 the study of the kinetics of adsorption28 and desorption29 at 

pH sensitive surfaces and for the measurement of the steady state kinetics at a catalytic 

substrate30 or the binding of metal ions at lipid monolayers;31 some studies have used a 

reactive mediator to measure binding kinetics32 at SAMs. In this work we use transient 

SECM current measurements, which have been implemented in SECM before, e.g., 

chronoamperometry33 and cyclic voltammetry.34,35 The study of the effects of mediator 

surface diffusion, 29,37 applications to the study of lateral charge propagation in polymer 

films38,39 and diffusion in monolayers,40 as well as the detection of reactive species in 

living cells,41 have been developed through the use of this transient feedback mode. Some 
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of these studies rely on the purposeful integration of a reactive species in the system, 

however to the best of our knowledge, no SECM approach to the detection and 

quantification of transient reaction intermediates at electrocatalytic and catalytic 

materials (i.e. potential or non-potential dependent) has been reported. This surface 

interrogation method allows the detection and quantification of only reactive adsorbed 

intermediates formed upon operation of the substrate electrode, independent of their 

spectroscopic characteristics and their electrochemical reactivity at the same substrate. 

We hope this technique will ultimately shed some light into our understanding of inner 

sphere mechanisms and be of use to a wider audience of surface chemists and 

electrochemists. 

Once two SECM tips, one being the substrate and the other the tip are brought to 

proximity the feedback mode can be implemented. Total positive feedback is obtained 

when the substrate regenerates the mediator at a rate only limited by diffusion in the tip-

substrate gap. For example, for reduction at the tip (O + e → R) the reaction at the 

substrate electrode would be the opposite electrochemical reaction (R - e → O). While 

most SECM studies are done at steady state, in the experiments presented here, a 

transient chemical reaction of a species on the substrate is used to generate the positive 

feedback loop. Figure 1.5 (not to scale) illustrates the proposed mechanism for the 

surface interrogation of a reducible adsorbed species at the substrate. First, as depicted in 

Figure 1.5 panel (A) the substrate is pulsed or scanned to a potential where oxidation 

occurs and an adsorbed species, A, is formed; the tip at this time is kept at open circuit.  

The solution contains initially only the mediator in its oxidized state, O, which is stable 

under these conditions and does not participate in any reaction. In Figure 1.5 panel (B), 

the substrate electrode is taken to open circuit and the tip is scanned or pulsed to reduce 

O and generate R. After R diffuses across the tip-substrate gap, it reaches the adsorbed  
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Figure 1.5. Schematics of the proposed mechanism for the Surface Interrogation.  

(A)A reactive species is chemically or electrochemically adsorbed at the substrate upon a 

potential scan or step while the tip is at open circuit. (B) The substrate is taken to open 

circuit and the tip generates the titrant which reacts at the surface of the substrate to 

support positive feedback (PF) at the same tip. (C) Upon consumption of the adsorbate at 

the substrate, the tip experiences negative feedback (NF). (D) Expected current response 

at the tip following the events depicted in (A), (B) and (C), Surface Interrogation (SI), for 

an arbitrary electrode setup.    
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species A and reacts chemically with it. O is regenerated and A is consumed and 

transformed into a final product, P. Ideally, regeneration of O should only be possible 

through reaction with A present at the substrate and the system would exhibit positive 

feedback only for as long as this condition is met. As shown in Figure 1.5 panel (C) the 

final state of the system is to show negative feedback, after all the A is depleted, and O 

reacts at the collector electrode at the rate governed by the hindered diffusion into the tip-

substrate gap. Experimentally, this is difficult to achieve and as discussed below, one 

requires similar tip and substrate sizes to achieve an acceptable working system.  

Figure 1.5 panel (D) shows the expected voltammetric response for this system 

(exaggerated for clarity) and compares it to the case of positive and negative feedback. 

The tip potential is scanned toward more negative potentials and thus it generates R, 

which diffuses to the substrate and reacts at its surface to regenerate O. Positive feedback 

persists as long as there is adsorbate to react at the substrate, and once the adsorbed 

species is consumed, the positive feedback drops and transforms into negative feedback. 

Notice that an important peculiarity in this experiment is that the SECM tip acts as both 

the titrant generator and detector, greatly simplifying the design of this in-situ technique.  

As depicted in Figure 1.5 the method assumes the use of a substrate electrode of 

the same shape and size as that of the SECM tip. There are a number of reasons for this 

choice, as described in Section 1.2, the most important being the presence of positive 

feedback at large unbiased electrodes23,24,42,43 but in technical terms it is also due to the 

need to approach the SECM tip to very short distances.  Positive feedback can occur in 

SECM, even if the substrate is under open circuit conditions, when the substrate is larger 

than the UME disk of the SECM tip. Previous SECM surface studies where this situation 

has been of experimental relevance30,42 have used the configuration shown in this work. 

When the micro disks of the tip and substrate are of the same size and the substrate is 
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allowed to rest at the open circuit potential, it is possible to go from an almost complete 

negative feedback for very large values of the tip’s RG, e.g., 10, to a partial negative 

feedback for very small values, of RG, e.g., 1.1. It is desirable to attain complete negative 

feedback as this greatly improves the detection limits of the technique.  However, as 

stated earlier, an adequate positive feedback is not present unless the distance between tip 

and substrate is very small, which is experimentally challenging when RG is large. A 

reasonable option is to establish larger values of positive feedback that greatly enhance 

the contrast with only partial negative feedback. In this case both the tip and the substrate 

are the same size and shape with an RG between 1 and 2.  These tips, with a = 12.5 µm, 

can be approached to distances typically within 1 to 3 µm in which positive feedback 

with IT between 4 to 8 (or higher at smaller L-values) are attainable. Finally different 

techniques can be used to generate the titrant, R; we have chosen to use cyclic 

voltammetry (CV), but the use of chronoamperometry will also be shown in this study.  

 

1.4 SIMULATION OF THE SURFACE INTERROGATION MODE 

 

As described in section 1.2 for the development of the theory of the feedback 

mode, analytical expressions for describing SECM phenomena are out of hand due to the 

complexity posed by the geometry of the systems.16,17 Digital simulations using implicit 

finite difference methods have been used since the first studies of SECM;14,20,44 more 

recently the advent of flexible commercial software has allowed an easier implementation 

of SECM problems. In specific, software such as COMSOL Multiphysics45 which uses 

finite element methods (FEM) has been useful for describing in a versatile way a variety 

of SECM problems; in some cases, the numerical results presented by such methods have 
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been used as means of comparison to semi-analytical expressions, as mentioned in 

section 1.2. The mathematical framework for FEM methods is more complex than for 

finite difference methods; broadly speaking, while finite difference methods discretize 

the differential operators that describe a given phenomena, FEM methods preserve the 

original form of the differential operators and instead construct and test trial functions 

that satisfy the operators for the boundary conditions given.46,47  In COMSOL 

Multiphysics this is done in a conveniently meshed simulation space (subdomain) that 

can be constructed using a CAD interface; changes in meshing and design are easy to 

make, an important feature for SECM where geometrical factors such as the size of the 

tip, substrate, RG and distances vary from experiment to experiment. COMSOL 

Multiphysics also allows to couple problems in different geometries and dimensions; for 

instance, as it will be described, a 1D problem (e.g. adsorption) can be treated 

simultaneously with a 2D problem with axial symmetry (e.g. diffusion towards a UME).  

We performed diffusion simulations coupling voltammetry to the SECM 

geometry described in the previous section under transient conditions using COMSOL 

Multiphysics. The simulation space and dimensional transformation from a 3D problem 

to a 2D one is depicted in Figure 1.6. The total simulation space consists of two relevant 

subdomains: the first one corresponds to the usual SECM setup for two UME electrodes 

(a substrate and a tip, both with a = 12.5 µm and RG = 1.5) that are concentrically aligned 

and the second one that represents the surface of the substrate. Two approximations were 

done during the period of study of this dissertation; our initial formulation of the problem 

considered the substrate to consist of a thin 2D slab (Chapter 2) of adsorbed material; this 

model was further refined to represent a 1D structure (Chapter 5). In this section we will 

treat the results of the first approach. The gap in between the tips is set to 1.25 µm which 

implies L = 0.1.   



 

 

Figure 1.6. Description of the

(A) The three-dimensional geometry in which the tip and s

aligned can be transformed into (B) a two

described by z and r. Boundary types: i, insulation; ii, bulk concentration (semi

iii, flux at the tip; iv, concentration of A at the substrate; 
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Description of the general SI-SECM simulation space and conditions

ensional geometry in which the tip and substrate are concentrically 

aligned can be transformed into (B) a two-dimensional geometry with a symmetry axis, 

Boundary types: i, insulation; ii, bulk concentration (semi

iii, flux at the tip; iv, concentration of A at the substrate; m = n = 20a and θ > 60

 

 

SECM simulation space and conditions.  

ubstrate are concentrically 

symmetry axis, 

Boundary types: i, insulation; ii, bulk concentration (semi-infinite); 

> 60º.  
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In the first subdomain we consider only a diffusion problem in which the reduced 

species R is being generated at the tip from the initially present oxidized species O, thus 

for transient conditions following Fick’s second law as required for implementing linear 

voltammetry we have equations 1.4.1 and 1.4.2:  
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Where CO and CR are the concentrations of oxidized and reduced species 

respectively and are functions of r, z and time, t. DO and DR are the diffusion coefficients 

of these species and are given the value of 5.5 × 10-10 m2/s which corresponds to the 

Ru(NH3)6
3+ cation.48 The bulk concentration of species is set to the one used during the 

experiment CO*= 1 mol/m3 and CR*= 0 mol/m3 (1 mol/m3 = 1 mM), the adsorbed species 

A is not present in this subdomain.  At the tip boundary, z = 0, 0 < r < a, we write the 

inward flux condition following Butler-Volmer kinetics, equations 1.4.3 and 1.4.4, and 

the linear potential sweep in equation 1.4.5: 

 

),0(),0( )()1(o)(o '0'0

rCekrCekCD R

EEf

O

EEf

OO

−−−− +−=∇− αα  (1.4.3) 

  

),0(),0( )()1(o)(o '0'0

rCekrCekCD R

EEf

O

EEf

RR

−−−− −=∇− αα  (1.4.4)       

                       

tEE in υ−=         (1.4.5)                         

 



 29 

where ko is the heterogeneous rate constant chosen to be 0.1 m/s avoiding thus any kinetic 

complication at L = 0.1, α the symmetry factor equal to 0.5 and f which is equal to 38.94 

V-1 at 298 K and E0’ the formal standard potential of the reaction. E is the potential of the 

tip and relates the scan to time by means of υ, the scan rate, which is set to 0.05 V/s and 

the initial potential Ein. The second subdomain consists of the thin slab in which the 

adsorbed species A is contained and the reduction reaction shown in equation 1.4.6 

occurs; its thickness was set to 0.01 µm. This element is considered to be permeable for 

both O and R and their diffusion coefficients remain the same as in the first subdomain. 

The adsorbed species A however is not mobile in the thin slab, although this issue is not 

expected to be of much importance when the tip and substrate size is the same. Because 

of this, equations 1.4.7 and 1.4.8 for O and R contain both diffusive and kinetic 

components while equation 1.4.9 is a purely kinetic function. The kinetic component is 

assumed to be a second order process associated with a kinetic constant k. 
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Because the thin slab is a two-dimensional representation of a 3-dimensional 

object, just as the rest of the elements in the simulation, it is now possible to specify the 

amount of adsorbate in terms of a concentration. This concentration CA is calculated as 

the number of moles nA of adsorbed species divided by the volume element represented 

by the whole thin slab as shown in Figure 1.6. A thickness of d’< 0.01d in which the 

adsorbed species is confined was chosen. Since the gap between the tips was taken as d 

=1.25 µm (L = 0.1), the adsorbed layer slab was taken as 10 nm.  While this is thicker 

than an actual “surface layer” of adsorbate, the time required for diffusion of reactant, R, 

to cross this layer is so short (< 1 µs) that this does not affect the results at the time scales 

of interest (especially considering any surface roughness of the substrate in an actual 

system).  While for the simulation it is necessary to input nA, it is much easier to refer to 

this quantity in terms of the charge it carries, thus the charge Q is equal to nA times 

Faraday’s constant F, 96,485 C/mol. Another convenient way to present the results 

obtained is in terms of a more widely used quantity as the surface coverage ΓA; this will 

be done in Chapter 5 where a 1D structure of the surface is used. Expressions for CA or 

ΓA are given in Figure 1.6.   

The current read at the tip is obtained by integrating the normal diffusive flux of 

the oxidized species at its surface and multiplying times a geometric argument to solve 

for the geometry as shown in equation 1.4.10.  In all simulations we assume a one 

electron transfer, n = 1, for both R to A and O to R. Figure 1.7 shows representative 

results for the simulations at different values of the kinetic constant k (for the reaction of 

titrant R and A) and for different charge amounts, Q, of adsorbed species at fixed k.  
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Figure 1.7. Representative LSV

 ν = 50 mV/s and CO = 1 mol/m

Variation of the reaction kinetic constant 

charge adsorbed at the substrate 

(A) 

(B) 
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LSV results of digital simulations for SI-SECM. 

= 1 mol/m3, O + e � R at the tip with no kinetic complications

e reaction kinetic constant k at a fixed Q = 8 nC.  (B) Variation of the 

charge adsorbed at the substrate Q at fixed k = 50 m3mol-1s-1.  
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In Figure 1.7 panel A the kinetic constant was varied over 3 orders of magnitude 

and limiting behavior under these conditions is found when k ≥ 103
 m3mol-1s-1 (mM-1s-1), 

as shown by the overlapping of the voltammograms with that of positive feedback before 

it reaches a maximum and decays as the surface is depleted of A. This limiting behavior 

establishes that the chemical reaction cannot regenerate O at a rate faster than the 

diffusion of R to the substrate; this is denoted as a titrant-limited situation. When k drops 

below this value, there is a shift in the peak and the behavior is kinetically-limited. Figure 

1.7 panel B shows the variation of the shape of the tip response with the simulated 

charge, i.e., total amount of A was entered in the simulation under titrant-limited 

conditions (k = 50 m3mol-1s-1). The system responds proportionally to the amount of A 

following the positive feedback curve until A is depleted, then it rapidly drops to negative 

feedback behavior. Upon subtraction of the negative feedback curve to these tip 

responses and integration of the current with time, the collection efficiency (defined as 

the ratio of the recovered charge by the tip to the input charge used in the initial charging 

of the substrate) is found to be larger than 98% for this simulation in which a = b. This is 

another feature that can only be achieved at very small tip-substrate distances when using 

a substrate the same size as the tip, and provides the advantage of obtaining the titrated 

charge by direct integration of the tip current without the need of using a calibration 

factor. If the size of the substrate is larger, e.g. b = 2a, then the collection efficiency 

drops to approximately value of 80% at L = 0.1, and then this factor has to be taken into 

account. At larger inter-electrode distances not only will the contrast between positive 

and negative feedback decrease, but also the collection efficiency will lower.     

It is useful to have a titrant-limited system rather than a kinetically-limited one. 

As shown in both panels in Figure 1.7, under titrant-limited conditions most of the 

collection takes place in a narrow potential region preceding the E0 of the mediator and 
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also exhibits very clear and distinguishable peaks (i.e., a larger contrast between positive 

and negative feedback). An advantage of the SECM technique compared to conventional 

CV is that it decouples the generation of surface species from their detection and 

quantification.  This allows one to detect species that would be difficult to detect by CV.  

While the measurements described here were all made by scanning the tip through the 

entire mediator wave, it would also be possible to scan only through a portion of the 

wave and not attain a diffusion-limited plateau.  This would be useful, for example, with 

a mediator whose reduction (or oxidation) occurs very close to the solvent background. 

The variation of the scan rate during cyclic voltammetry in principle should yield some 

information about the kinetics of the processes; Figure 1.8 panel A shows some 

representative results of the simulations upon variation of the scan rate for a fixed amount 

of adsorbate and with k close to titrant limited conditions. No departure from the limiting 

behavior is evident, although this type of strategy may be useful to determine rate 

limiting steps in sequential mechanisms of reaction of the adsorbed species (e.g. Chapter 

5). Of more interest is the observation that at higher scan rates the tip current is higher; 

this may be useful to improve the signal to background ratio for certain systems, however 

this may come at the expense of the quantification of the adsorbate if not all can be 

titrated in a single scan.    

If using chronoamperometry, as shown in Figure 1.8 panel B, the titration of a 

given amount of charge is faster, although the signal at the beginning of the scan may be 

importantly convoluted with the transient signal decay of the tip. The shape of these 

chronoamperograms is consistent on a first level with related experiments reported 

previously for transient feedback.39 These results show that indeed, at values of k higher 

than 50 m3mol-1s-1 the response follows positive feedback with a sudden very sharp drop, 

indicating the attainment of the titrant limited regime, independently of the scan rate  



 

 

Figure 1.8. SI-SECM dependence of scan rate and in chronoamperometric mode.

(A) Simulated Tip scans at different scan rates for a constant charge of 8 nC and 

m3mol-1s-1. (B) Simulated Chronoamperograms at a constant charge of 8 nC and different 

values of k.   
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chosen for its CV counterpart. For SECM operating in the feedback mode, the closer the 

tip is located to the substrate, the higher heterogeneous kinetics can be distinguished and 

measured. The second order heterogeneous process in SI-SECM is evidently analogous to 

the first order electrochemical process that occurs on positive feedback and it is possible 

that at much shorter distances values of k much larger than 50 m3mol-1s-1 could be 

distinguished; however this remains technically challenging with the experiments 

presented in this study.  
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Chapter 2. Detection and Quantification of Pt and Au oxides 

2.1 INTRODUCTION 

Transition metals tend to form surface oxides upon contact with aqueous 

electrolytic conditions at mild electrochemical oxidizing conditions. For the specific case 

of noble metals such as Pt and Au, these oxides are chemically reversible, i.e. they can be 

formed through anodization and then reduced by switching the potential to an appropriate 

cathodic value;1 while other changes may accompany this process such as metal 

dissolution or roughening of the surface, the initial conditions of the surface are restored 

to a good extent.2 The exact stoichiometry of the surface oxides of Au and Pt is still a 

matter of debate due to the coexistence of different species,3,4 however to a first 

approximation the chemical reactions occurring can be expressed in Equations 2.1.1 and 

2.1.2 for Au and Pt respectively: 

 

2Au + 3H2O  ⇄ Au2O3+ 6H++ 6e    (2.1.1) 

 

Pt + H2O ⇄ PtO + 2H++ 2e     (2.1.2) 

 

We introduce the application of the SI-SECM technique with the quantification of 

gold and platinum oxides at neutral buffered pH; this case represents a classical example 

of the stable chemisorption of oxygen and formation of surface oxides.2  

    

2.2 EXPERIMENTAL 

All solutions were prepared with deionized Milli-Q water. Sulfuric acid (94%-

98%) Trace Metal Grade, potassium nitrate, potassium chloride,  zinc metal, 
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tris(hydroxymethyl)aminomethane (TRIS) Molecular Biology Grade, agar Purified Grade 

and o-phosphoric acid 85% from Fisher Scientific (Fair Lawn, NJ), silver nitrate (99+%,) 

silver wire (99.9%) and methyl viologen dichloride hydrate (98%) from Aldrich 

(Milwaukee, WI), dibasic potassium phosphate “Baker Analyzed” from J.T. Baker 

(Phillipsbury, NJ) and hexammineruthenium(III) chloride (99%, Ru(NH3)6Cl3) from 

Strem Chemicals (Newburyport, MA) were used as received.  

Gold (99.99+%) and platinum (99.99%) 25 µm diameter wire from Goodfellow 

(Devon, PA) were used to fabricate the SECM tips by procedures described elsewhere;4 

the tips used in this study had an RG ≤ 1.5. All electrodes were polished prior to use with 

alumina paste (0.05 µm) on microcloth pads (Buehler, Lake Bluff, IL), sonicated for 15 

min in water and cycled between 0 and 1 V versus NHE in 0.5 M sulfuric acid for 100 

cycles to a constant CV. Phosphate buffer solution (PBS) pH=7 was prepared by 

adjusting the pH with o-phosphoric acid to a 0.3 M solution of dibasic potassium 

phosphate. TRIS buffer pH=7 was prepared by adjusting the pH to a 0.3 M solution of 

TRIS base with sulfuric acid. Chloride free solutions of hexammineruthenium(III) were 

prepared by exchanging chloride for nitrate via potentiometric titration with 10 mM silver 

nitrate versus a Ag/AgCl working electrode; trace chloride was approximately 10 µM.  

All solutions used in the electrochemical cell were bubbled with argon prior to the 

experiment and kept under a humidified argon blanket. An Ag/AgCl, saturated KCl 

reference electrode was used for all experiments. To avoid chloride contamination from 

leakage through the glass frit of the reference, a 1 M potassium nitrate - 3% w/v agar gel 

salt bridge was used. All potentials in this study are referred to the NHE scale. In all 

experiments the counter electrode was a piece of 0.5 mm tungsten wire from Alfa 

Products (Danvers, MA). The mediator concentration in all solutions used (either methyl 

viologen or hexammineruthenium(III)) was 1 mM.  



 40 

SECM and other electrochemical measurements were done in a CHI900 SECM 

station (CH Instruments, Austin, TX) with inchworm-based positioning. The electrode 

assembly was achieved by inserting the substrate from below a drilled Teflon 

electrochemical cell and positioning the SECM tip above it. The tip was scanned to locate 

electrochemically the center of the substrate electrode. This operation was performed by 

fixing the substrate electrode to a potential where the diffusion limited steady state 

reduction of the mediator occurs, thus at this state the tip behaves as a collector electrode. 

The collector tip was then scanned in z, x and y directions in order to find the diffusion 

layer created by the generator substrate. The center of the substrate was typically found 

within ± 1 µm of lateral resolution as calculated from successive forward and backward 

scans in the x and y directions. The collector tip was positioned in the z direction by 

means of a positive feedback approach curve at a rate of 0.3 µm/s. A successful approach 

was considered when at least a feedback of IT = 6 and an estimated collection efficiency 

higher than 95% was achieved upon a CV scan under positive feedback conditions. The 

initial orientation of the electrodes (tilt) and their quality as SECM tips plays an 

important role in this experiment; as a rule of thumb a good starting SECM tip for this 

type of experiments should be able to approach a tilt corrected insulating substrate to at 

least IT = 0.15. Recall that IT = iT/iT,∞ ; iT is the tip current and iT,∞ at infinite distance.  

The relative positioning of the two electrodes is crucial to this experiment and is 

done first by means of the generation/collection mode, as mentioned, which is effective 

over longer distances, and then by positive feedback for a fine positioning. Figure 2.1 

panel A shows a typical lateral scan for locating the center of the substrate electrode, in 

this case with the substrate producing Ru(NH3)6
2+ while the tip is  oxidizing it back 

(collecting) to Ru(NH3)6
3+; it is desirable to obtain symmetrical features in the current 

profiles of both electrodes and this indicates that the electrodes are well centered and 
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Figure 2.1. Experimental positioning and alignment of electrodes for SI-SECM.  

Substrate is generator, ES = -0.2 V and Tip is collector, ET = 0.2 V. (A) Line scan of the 

tip over the substrate showing a desirable symmetry in the electrochemical response, the 

electrodes are centered at the correlated maxima of both curves. (B) Insert: approach 

curve at the centered position in (B) stopping at the highest current, the main curve shows 

a CV at this position in which the substrate is being scanned from 0.2 to -0.2 V and the 

tip held at 0.2 V. Since a=b, the electrodes are indistinguishable for positioning purposes.  

(A) 

(B) 



 42 

devoid of tilt. The inset in Figure 2.1 panel B shows a typical approach curve once the 

centers of both electrodes have been found and the electrodes aligned. A good indicator 

for a successful alignment of the electrodes is the collapse of the substrate and tip 

currents to the same curve, which indicates nearly 100% collection efficiency (CE). Upon 

a potential scan in the positive feedback mode as shown in the main Figure 2.1 panel B 

the same high CE should hold. Furthermore, obtaining such a scan confirms that the 

electrodes are not physically touching (short circuited). The smoothly increasing current 

provided by the CV scan avoids problems with overloading the potentiostat that were 

frequently observed when a potential step was applied (chronoamperometry). Notice also 

that this voltammogram corresponds well to the Nernstian shape described in section 1.2.  

Once the electrodes were positioned, their leads were connected to a 3-way switch 

that allowed setting the working electrode lead in the SECM to the tip, to the substrate or 

as a dummy, e.g., if the substrate was selected, the tip and the dummy were at open 

circuit. A typical measurement consisted of taking the substrate electrode to the desired 

potential through a linear scan at 50 mV/s then turning off the cell at that potential, 

switching the working electrode lead to the tip and turning on the cell with the 

programming for the tip scan. This scan was started approximately at 0.2 V versus the 

mediator E0 (0.5 s quiet time to allow for double layer charging) and run at 50 mV/s until 

-0.15 or -0.2 V versus E0; the time delay between the end of the substrate scan and the 

beginning of the tip scan was typically 4 s. The tip was run for two complete cycles 

within these potential limits to verify the consumption of the adsorbed oxide and to 

obtain a blank for subtraction of negative feedback. The charge neutralized was 

calculated by numerical integration of the background and baseline subtracted 

voltammograms.  
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Independent quantification of the oxide was achieved with conventional cyclic 

voltammetry on the substrates to validate the proposed SECM surface interrogation 

technique. In the case of Au, this process was investigated in-situ in a scan prior to the 

oxidation of the substrate required to run the collector scans. In the case of Pt, separate 

measurements were required because of the accessible potential window.  

 

2.3 DETECTION OF OXIDES AND COMPARISON TO SIMULATION 

 

To show the possibility of allowing a chemical reaction to maintain the positive 

feedback necessary for our measurements, we conducted preliminary experiments with 

the Ru(NH3)6
3+/2+ pair (E0 =0.05 V, in this study E1/2= 0.01 V in PBS at pH=7 on either a 

Au or Pt electrode)5 to evaluate the feasibility of the reduced form (Ru(NH3)6
2+) being 

able to reduce an electrogenerated oxide on a gold electrode. In its simplest scheme we 

assume that the reaction (surface titration) proceeds as shown in Equation 2.3.1: 

 

        (2.3.1) 

 

where three electrons are transferred per each gold atom. Based on the previous 

knowledge that the cyclic voltammogram of gold in PBS at pH=7 shows the onset of 

oxidation at approximately 0.9 V, then the reaction with Ru(NH3)6
2+ is allowed 

thermodynamically (∆E
0 
≥ 0.85). This is further confirmed in Figure 2.2 where a gold tip 

was anodized to 1.2 V for 30 s; when the potential scan was reversed a characteristic 

reduction wave is observed, but if an anodized electrode is immersed in a solution 

containing Ru(NH3)6
2+ (chemically generated from a 1 mM solution of Ru(NH3)6

3+ in 

O3H)6Ru(NH2Au6H)6Ru(NHOAu 2
3

63
2

6332 ++→++
+++
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Figure 2.2. Test of the reactivity of electrogenerated Au oxides with Ru(NH3)6
2+.  

A gold tip is oxidized for 30 s at 1.2 V in pH = 7 PBS 0.3 M. The voltammograms 

correspond to the comparison of electroreduction just following oxidation (simple 

reversal, green curve) against the case when they are dipped in solutions containing either 

Ru(NH3)6
2+ (blue curve) or Ru(NH3)6

3+ (dark red curve) and taken back to the cell and 

run the reductive scan. Initial potential 0.85 V, ν = 50 mV/s, dip time is 2 s. 
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PBS at pH = 7 by passing through a Zn-packed syringe stored in an Ar-flushed vial) and 

returned to the electrochemical cell with a scan starting from the onset of the reduction 

wave, this oxide reduction process was not observed. If the anodized electrode was 

instead immersed in a control solution of Ru(NH3)6
3+, the reduction wave was still 

present with some losses that we attribute to some instability of the oxide upon changing 

environments, reconnection to the potentiostat circuitry or traces of reduced species in the 

solution.   

Once the electrodes are aligned and positioned, the oxidation of the substrate and 

its subsequent interrogation can be performed. Figure 2.3 panel A shows a typical result 

obtained from oxidation of a gold substrate at 1.4 V, followed by reduction by 

electrogenerated Ru(NH3)6
2+ with a positive feedback response in the tip. The general 

features expected from the simulation (section 1.4) are present: the titration of the gold 

oxide by the reducing agent follows the curve of positive feedback until the consumption 

of all of the surface oxide causes a sharp decrease in the feedback current. Most of the 

charge neutralization occurs well before reaching E1/2= 0.01 V and after this, the current 

drops to the level of the expected negative feedback value (approximately IT ≈ 0.4,6 

which for iT,∞  = 4 nA gives iT = 1.6 nA). A second cycle without oxidation of the Au 

shows that the initially present oxide has been consumed, as the clear peak observed 

during the first cycle is not repeated. The second cycle voltammogram strongly resembles 

the one expected for negative feedback, although there is evidence that a very small 

amount of adsorbed oxygen is present even at these potentials. The origin of this peak 

and its quantification will be discussed in section 2.4.  

The analogous process for reduction of platinum oxide by the mediator is shown 

in Equation 2.3.2:  

 



 

 

 

 

Figure 2.3. Representative SI

Au substrate was oxidized for 30 s in TRIS buffer 0.3 M pH = 7 at 1.4 V.

(red) shows a clear transient feedback that follows the trace of an independent positive 

feedback experiment under the same conditions (blue).The green curve shows a second 

cycle in the absence of substrate oxidation. 

and a = b = 12.5 µm. Au substrate

1.4 V.  
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Representative SI-SECM result of mediated reduction of Au oxide.

was oxidized for 30 s in TRIS buffer 0.3 M pH = 7 at 1.4 V. The first cycl

(red) shows a clear transient feedback that follows the trace of an independent positive 

feedback experiment under the same conditions (blue).The green curve shows a second 

cycle in the absence of substrate oxidation.  Tip ν = 50 mV/s, 1 mM Ru(NH

m. Au substrate was oxidized for 30 s in TRIS buffer 0.3 M pH = 7 at 

 

 

SECM result of mediated reduction of Au oxide. 

The first cycle 

(red) shows a clear transient feedback that follows the trace of an independent positive 

feedback experiment under the same conditions (blue).The green curve shows a second 

Ru(NH3)6
3+, L~0.1, 

30 s in TRIS buffer 0.3 M pH = 7 at 
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OH)2Ru(NHPt2H)2Ru(NHPtO 2
3

63
2

63 ++→++
+++

  

(2.3.2) 

                            

Equations 2.3.1 and 2.3.2 can be further separated into their elementary steps; however as 

a discussion of the mechanism for the reduction process is beyond the scope of this study, 

although it will be revisited for platinum in Chapter 5. Figure 2.4 presents a comparison 

of the experimental and simulated results for the case of platinum oxide that, as discussed 

later, exhibits only one peak in the collector scans. The comparison is based on the 

charge that is input in the simulation versus the amount calculated by integration in the 

experiment. The simulation fits quite well with the experiment considering that the 

simulation takes into consideration only a simple single electron transfer process with no 

intermediate species; the tailing observed in the experimental results with respect to the 

simulated case may be an evidence of a slowing down of the kinetics of the process as a 

consequence of the formation of intermediate species; this tailing is similar to the one 

observed in section 1.4 for the simulation of slower reaction constants.  Minor differences 

between the experiment and the simulation may also be caused by a slight misalignment 

of the electrodes, however we can neglect this as the process is reproducible upon re-

alignment of the setup. Such a discrepancy might also arise because of a coverage-

dependent rate constant, which we do not take into account in the simulation model.  

Nonetheless, most of the charge neutralization is achieved under the titrant-limited 

regime, as discussed previously in the simulation model, which allows a straightforward 

quantification of the amount of oxide for both Pt and Au electrodes.  
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Figure 2.4. Comparison between experimental and simulated SI-SECM of PtO.  

Simulated rate constant was k = 50 m3mol-1s-1; experimental charges are within 10% of 

the simulated input for the surface oxide and correspond to the reduction of adsorbed 

oxygen on platinum by electrogenerated Ru(NH3)6
2+. Experimental and simulated 

quantities: Tip ν = 50 mV/s, 1 mM Ru(NH3)6
3+, L~0.1, and a = b = 12.5 µm. 

Experimental and simulated voltammograms are background subtracted.  
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2.4 QUANTIFICATION OF OXIDES 

Figure 2.5 shows a comparison of results by the SECM surface interrogation and 

those conventionally obtained by the reduction of gold oxide by cyclic voltammetry in 

PBS at pH=7 in the presence of 1 mM of Ru(NH3)6
3+. Figure 2.5 panel (A) shows the 

cyclic voltammograms of gold at selected reversal potentials; the amount of oxide is 

quantifiable above 1.0 V by integration of the surface reduction wave present between 

0.8 and 0.5 V upon the cathodic scan.  With CV, the oxidation of the substrate below 0.9 

V shows no presence of the surface reduction wave when reversing the scan, and 

presumably only double layer charging. This is consistent with previous observations of 

gold oxidation in PBS at pH=7 reported by Oesch and Janata7 and used as a reference for 

comparison in this study. Figure 2.5 panel (B) shows the tip voltammograms obtained by 

the surface interrogation technique for increasingly positive potentials of the substrate. 

The feedback response shows three clearly defined regions in this set of curves. There is 

first a potential-dependent tip current signal that starts when the substrate is subjected to 

potentials well negative of 0.9 V and grows in at more positive potentials finally 

stabilizing between 0.9 and 1.1 V. Then a following single peak grows until ES = 1.4 V 

and finally a higher double peaked signal appears for ES >1.4 V vs NHE. The total 

surface coverage on the substrate can then be obtained by integrating these tip reduction 

currents and Figure 2.6 shows the isotherm for oxide coverage on the substrate versus ES.  

The equivalent charge of a monolayer was obtained by the procedure suggested by Oesch 

and Janata7  that consists in the measurement of the charge of the surface reduction wave 

before the onset of a second reduction of a species dubbed “oxide II” that appears 

between 0.4 V and 0.2 V on the reverse scan and is taken to indicate the completion of 

two monolayers of Au2O3 independent of the roughness factor of the electrode. The 

comparison presented in Figure 2.6 shows very clearly that the SECM- 
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Figure 2.5. Reactivity of Au oxides by CV and by SI-SECM with Ru(NH3)6
2+.  

Results for the comparison of substrate voltammetry to the interrogation of Au in PBS 

0.3 M pH=7 with Ru(NH3)6
2+ from 1mM Ru(NH3)6

3+ ; (A) Voltammetry of the Au 

substrate, ν = 50 mV/s, showing curves at different reverse potentials. (B) Spectrum of 

SI-SECM tip scans where Au oxides were formed by taking the Au substrate to different 

substrate potential limits through a potential scan at ν = 50 mV/s. Tip ν = 50 mV/s. 

(A) 

(B) 
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Figure 2.6. Comparative isotherm obtained by CV and SI of gold oxide in pH=7.    

Surface Interrogation and CV obtained from integration of corresponding scans as shown 

in Figure 2.5. Solution is PBS 0.3 M pH = 7 with 1 mM Ru(NH3)6
3+. Oesch and Janata 

from reference 7; coverage was obtained by the procedure suggested in reference 7. Inset 

shows blow up of the early potential region.  
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based technique senses a reactive species adsorbed at less positive substrate potentials 

where the CV of the substrate electrode does not, in either results obtained here or those 

previously reported.7 We believe this is evidence for the formation of the so-called 

“incipient oxide” or singly oxygenated species such as Au-OH or Au-O, which has 

recently been proposed to explain the catalytic activity towards CO oxidation present at 

noble metals at the liquid-solid8-11 and gas-solid12 interfaces. The coverage for the 

incipient oxide we observe is about 20% of a monolayer, which is consistent with very 

early observations done by capacitance measurements13 (≈15%), electroreflection 

techniques14 (10-20%) and more recent studies using contact electroresistance15 (≈15%); 

indirect evidence is provided in photoelectrochemical16 and SERS17 studies, by the 

enhanced adsorption of radioactively labeled alkaline earth cations18 and by AC 

voltammetry.19  An inherent feature of the surface interrogation technique is its ability to 

measure directly the charge that corresponds to such an adsorption feature, thus avoiding 

more complex treatments to estimate coverage. In considering the presence of these 

“incipient oxides”, we must also take into account the possibility of titrating  the 

accumulated positive charge in the double layer as a result of bringing the substrate to a 

potential more positive than the potential of zero charge (pzc). A simple calculation 

assuming a reasonably high value of the double layer capacitance (30 µF/cm2), a 

roughness factor of 3 and reaching about 1 V difference from the pzc yields a value of 0.4 

nC for double layer charging, which represents roughly 4% of the charge for a monolayer 

of gold oxide. This is just slightly higher than our limit of detection as will be explained 

later, and while it may explain some effects observed at open circuit or at very low 

potentials it does not account for the amounts found of incipient oxide. An interesting 

feature we found when obtaining blanks (the substrate was not taken purposely to any 

oxidation potential) and when running the second cyclic voltammogram after oxidation 
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(e.g. Figure 2.3) is the appearance of a small peak shown in Figure 2.7 that, as most of 

our responses, follows well positive feedback. In view of our discussion about the 

formation of incipient oxides, it is interesting to note that such a feature can even be 

present in very reducing environments, although in very small quantities. In our 

calculations it amounts for less than 2% of a monolayer which is precisely in our limit of 

detection. Marichev15 observes features at potentials as negative as -0.6 V and 

Lertanantawong et al.19 also discuss this in view of the role of surface defects in 

providing high energy features that allow the forming of these oxides in such conditions. 

The presence of this peak was only present when the experimental setup described in the 

main text was met. This peak is also present for platinum and for other mediators used in 

this study although not necessarily in the same amount. Another possible origin for this 

small peak could be the adsorption of very small amounts of mediator at the surface of 

the electrode; this cannot be discarded although it seems unlikely in light of the high 

solubility and hydrophilic behavior of the mediators used in this study, e.g. both 

hexaammineruthenium(III) and methyl viologen are ionic species and can be dissolved at 

least in an amount an order of magnitude higher than the one used in this study.  

As previously noted, Figure 2.5 panel B shows a transition between 1.4 and 1.5 V 

from a single-peaked tip response to a double-peaked one. From Figure 2.6, this 

transition corresponds to the coverage reaching more than half of a monolayer. The 

finding of a change in behavior upon reaching discrete coverage values has been treated 

in the literature as an indicator of the presence or transformation of different oxygen 

species (e.g. surface hydroxyl species vs. place exchanged oxides).3 However, in the 

present case it is difficult to discern between an actual surface behavior and an artifact 

from the reduction mechanism. As explained later, these features change with conditions 

such as the type of buffer. From a kinetic viewpoint however, the second peak in the  
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Figure 2.7. Blank curves for Pt, Au oxide SI experiments, reductive mediators.  

The horizontal axis is set as the difference in potential versus the standard potential of the 

redox pair in order to compare the different mediators, Ruhex (Ru(NH3)6
3+/2+) and Methyl 

Viologen (MV2+/MV+); current response was different for all experiments based on 

differences in alignment, mediator, concentration of mediator and traces of oxygen.    
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collector scans that appears at ES > 1.5 V actually shows more facile kinetics for reaction 

with the reduced mediator than the first one, indicating that the first process is 

conditioned for its appearance, e.g., a sequential instead of a parallel mechanism for the 

reduction of two different oxide species would have to be invoked. This could involve, 

for example, a rearrangement of the oxygen moieties,1 either spatially within the surface 

or chemically, e.g., the addition of a proton.4 Chapter 5 will deal with the reactivity of 

different oxide species.  

Figures 2.8 and 2.9 show the corresponding experiments for a platinum electrode 

in PBS at pH=7. The voltammograms that are obtained under these conditions are less 

reversible than those found in acid media1 and in fact, as shown in the inset of Figure 2.8 

panel A, the surface reduction wave is found in a region which overlaps the reduction of 

Ru(NH3)6
3+ (E0 = 0.05 V).  Thus, the direct measurement of platinum oxide reduction by 

CV had to be carried out in independent experiments in the absence of mediator. While in 

this the direct quantification of the oxide is affected by the presence of the mediator, in 

some cases background processes may not be avoided; the SECM technique (necessarily 

done in the presence of a mediator) could then be especially useful in electrochemical 

measurements where certain surface processes are so irreversible that they are outside of 

the potential window of the working electrode or electrolyte and overlap with other 

waves. In such a case direct electrochemical quantification is difficult. In the surface 

interrogation technique presented here, we can avoid this situation because the tip 

operates under different conditions than the substrate and can be made of a different 

material. Moreover, the electrochemical irreversibility is not an issue for this technique, 

since the positive feedback is maintained by a purely chemical reaction.  For example one 

might think that, because the surface reduction wave of platinum oxide and  
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Figure 2.8. Reactivity of Pt oxides by CV and by SI-SECM with Ru(NH3)6
2+.  

Results for the comparison of substrate voltammetry to the interrogation of Pt in PBS 0.3 

M pH=7 with Ru(NH3)6
2+ from 1mM Ru(NH3)6

3+ ; (A) Voltammetry of the Au substrate, 

ν = 50 mV/s; inset shows the reverse CV scan with oxide reduction at different anodic 

potential limits of the substrate. (B) Spectrum of SI-SECM tip scans where Pt oxides 

were formed by taking the Au substrate to different substrate potential limits through a 

potential scan at ν = 50 mV/s. Tip ν = 50 mV/s.  

(A) 

(B) 
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Figure 2.9. Comparative isotherm obtained by CV and SI of Pt oxide in pH=7.    

Surface Interrogation and CV obtained from integration of corresponding scans as shown 

in Figure 2.8. Solution is PBS 0.3 M pH=7 with 1 mM Ru(NH3)6
3+ for SI results and 

without mediator for CV results. QH was estimated after experimentation from reduction 

of UPD hydrogen on the same Pt electrode in Ar saturated 0.5 M H2SO4.  Inset shows 

blow up of the early potential region.  
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the reduction of Ru(NH3)6
3+ overlap, in the reaction of the platinum oxide with the titrant 

Ru(NH3)6
2+ the ∆G value would not be negative enough to cause the spontaneous 

reduction to occur. However, electrochemical irreversibility, as in the case of reduction of 

an oxide at large overpotentials, is a kinetic effect, not a thermodynamic one. Thus the 

response of a platinum oxide to the titrant will be mostly a function of the difference in 

their redox potentials and will not necessarily be limited by the kinetics of the surface 

reduction of the oxide (e.g. evaluated by CV). Figure 2.8 panel B shows the tip 

voltammogram spectrum for oxidized platinum; a clear difference from the spectrum of 

gold is the appearance of only one peak at all potentials that were studied but also that the 

rate of the titration reaction, Pt oxide with Ru(NH3)6
2+, appears to be more sluggish than 

found with Au,  as inferred from the tailing of the peaks and the broader peaks for 

comparable charges. Just as in the case of Au, an analytical signal in the tip 

voltammograms is obtained below the potential limit at which the direct CV surface 

reduction shows up as appreciable current on the substrate voltammogram.  Hence we 

assign this to an “incipient” oxide formation for the same reasons outlined previously for 

Au.  Figure 2.9 shows this in more detail in the inset, a non-normalized isotherm. Unlike 

the case of Au where a convenient strategy exists for normalizing the results, in the case 

of Pt traditionally the charge integrations have been divided by twice the charge 

integration for hydrogen adsorption (QH).2   Because the hydrogen adsorption wave is 

less well defined in PBS buffer, the normalization procedure is less useful in PBS than it 

is in acidic media. An average value of 4.5 nC was found for QH for the Pt electrodes 

used based on measurements in acid media and can be used as a guideline. A comparison 

can be made between reported results and the isotherm shown in Figure 2.9; it presents 

roughly an equivalence of one monolayer in the 1.1 – 1.2 V potential range based on QH
3 

and an equivalent value of approximately 2.3 for Q/2QH in the potential range above 2 V, 
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although not a very clear stabilization to a limiting value is seen.2 Clearly, however, the 

behavior of both the surface reduction wave and the surface interrogation plots correlate. 

Upon reaching the range 1.6-1.7 V, both curves exhibit a plateau (≈2QH) that continues 

with further growth of the oxide; above these limits the raw curves from the surface 

interrogation show an increased background which interferes with a clean integration of 

the voltammograms, most likely because of suitable conditions for the production of 

large amounts of oxygen coming from water oxidation or even platinum dissolution.2  

The nature of the solution ions can affect the behavior of the oxide films.  Figure 

2.10 shows the results of the surface interrogation to gold oxidation when TRIS buffer is 

used in place of PBS. Figure 2.10 panel A displays the behavior of gold oxide (generated 

by holding the electrode for 30 s at the desired potential) in TRIS buffer; unlike PBS at 

pH=7 which contains the HPO4
2-/H2PO4

- pair which is negatively charged, TRIS contains 

the (CH2OH)3CNH2/(CH2OH)3CNH3
+  pair which is positively charged and in this case, 

SO4
2- is used as a counterion. Changing the nature of the buffer will affect adsorption at 

the positive polarization required for anodization of the gold substrate, e.g. TRIS, being 

positively charged, would be less likely to interact with the electrode at positive 

potentials, although sulfate could adsorb to a larger extent. The spectrum of tip 

voltammograms shown in Figure 2.10 panel A contrasts clearly with the one shown in 

Figure 2.5 panel B as it exhibits only one peak at low and moderate polarizations. From 

the isotherm in Figure 2.10 panel B one can assign the appearance of the shoulder in the 

tip scans at high polarizations to the formation of the so called “oxide II” which occurs 

after completion of two monolayers and whose onset is the basis of the isotherm 

normalization for gold.7 Despite the differences in the shape of the collector response 

with PBS and TRIS buffer, the quantification results and how they relate to the 

electrochemical reduction of the oxide are similar. Note that near 1.8 V the isotherm  
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Figure 2.10. SI-SECM  of Au oxides in TRIS buffer mediated by Ru(NH3)6
2+/3+.  

 (A) Spectrum of tip scans in TRIS buffer 0.3 M at pH=7 holding the substrate at the 

indicated potential for 30 s, tip ν = 50 mV/s, mediator is 1 mM Ru(NH3)6
3+. (B) Isotherm 

obtained from results in (A), insert shows a close up in the low potential limit. 
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reaches a limiting coverage of 2 monolayers, and that the shape of this response 

corresponds very well to that exhibited by CV of the electrode. At low potentials a 

limiting value of 0.2 monolayers is reached at about 1.0 V even when the system is 

allowed to remain for a longer time at this potential. This further supports our assumption 

that this feature corresponds to the “incipient oxide”.    

We also show in Figure 2.11 results with another redox mediator to support the 

independence of the surface characterization response on mediator used. We selected the 

methyl viologen pair MV2+/ + (E0 = -0.44 V, experimental E1/2 = -0.46 V)20 whose reduced 

form is a stronger reducing agent than Ru(NH3)6
2+. Figure 2.11 panel A presents the tip 

scans for interrogation of gold oxide in PBS at pH=7 and Figure 2.11 panel B the 

corresponding isotherm which shows good agreement with the literature reference 

results7 and with the CV surface reduction wave, although compared to Figure 2.5 panel 

B (using Ru(NH3)6
2+ as the titrant) a slight excess charge is found at all potentials. This 

might be the result of an increased reactivity towards a subsequent oxide with the MV+ 

species or, more likely, to its increased sensitivity to the presence of oxygen (either 

electrogenerated by water oxidation or present residually during the experiment); this is 

also evident in the blank scans shown in Figure 2.7. As with Ru(NH3)6
3+/2+, the presence 

of two processes in the tip scans is observed with MV2+/+, although slightly different in 

shape and proportions than the ones observed with Ru(NH3)6
2+. These results indicate 

that although the mechanism of the surface reduction may be different with different 

mediators, the quantification of Au2O3 is similar, indicating complete detection of 

submonolayer amounts of the oxide. The larger reducing power of MV+ may also play a 

role in the kinetics of reduction, and thus, affect importantly the shape of the SI-SECM 

scans (Chapter 5).  
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Figure 2.11. SI-SECM  of Au oxides in PBS buffer mediated by MV2+/+.  

 (A) Spectrum of tip scans in PBS buffer 0.3 M at pH=7, ν = 50 mV/s. Substrate taken to 

potential limit at ν = 50 mV/s.  Mediator is 1 mM MV2+. (B) Isotherm obtained from 

results in (A) including comparison to electrochemical reduction of the oxide and results 

form reference 7; insert shows a close up in the low potential limit. 

(A) 

(B) 
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In the work described, we chose CV to obtain the tip response. A viable 

electrochemical technique for obtaining the collector responses is chronoamperometry, in 

which the titrant is generated by a potential step rather than a potential scan. An example 

of this mode is presented in Figure 2.12. We have outlined in the text that a main reason 

for not using this technique in this study is because cyclic voltammetry provided us with 

more reproducible results. We believe this is because the chronoamperogram is much 

more sensitive to differences in the positioning of the electrodes and because of the 

shorter time scale in the experiment, in which small variations give rise to different 

collector responses. It is true also that for large amounts of adsorbate the signal often 

became saturated and it seems that some information about the experiment is certainly 

lost in the early stages of it, below 50 ms. In order to gain access to these time regimes a 

different experimental design is to be used, however it is out of the scope of this initial 

study. Small amounts of adsorbate become importantly convoluted with the transient 

diffusional response when performing chronoamperometry, thus, it may not be the best 

technique for quantification close to the detection limit; in some cases its use may be 

advantageous, for instance, in the detection of transient species for which CV may be 

inadequate.     

CV provided us with diagnostic features of the voltammograms, reproducible 

results and good figures of merit; in the case of gold our estimated limit of detection 

(taken as three times the average standard deviation of our measurements) is 0.24 nC 

which for the roughness factors found in our gold electrodes (typically between 2 and 3), 

represents 2.1% to 3.4% of a monolayer. This figure is also equivalent to 49 µC/cm2 of 

geometric area (16 to 25 µC/cm2 of real area considering the above mentioned roughness 

factors), however this figure will also depend on the system under study; Chapter 3 deals  
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Figure 2.12. Example of SI-SECM of Au oxide using chronoamperometry.  

Solution is TRIS 0.3 M pH = 7 with 1 mM Ru(NH3)6
3+ as mediator. The substrate was 

held at 1.4 V for 30 s; the tip potential was stepped from 0.2 V to -0.2 V.  
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with the quantification of hydrogen which is present in smaller quantities than oxides on 

the surface of platinum.   

 

2.5 CONCLUSIONS  

 

A new electrochemical in-situ technique to study surfaces based on the transient 

feedback mode of SECM for the quantification of adsorbed species at electrodes has been 

described. Here an electrogenerated titrant reacts with the electrogenerated adsorbate at 

the substrate electrode at open circuit and generates a positive feedback response at the 

SECM tip only while the adsorbate is present. The technique is analogous to a directed 

redox titration and because of its SECM feedback characteristics, the experimental setup 

is simplified by having a SECM tip behave as both titrant generator and detector. Its 

operation was verified through the study of stable electrogenerated oxide species on the 

surface of Au and Pt. The experimental results are in general agreement with the known 

behavior of these systems and with the results from digital simulations, thus confirming 

the proposed mode of operation.  

Isotherms for the coverage of oxygen species with potential on Au and Pt are 

presented at neutral pH. The results obtained by the proposed SECM surface 

interrogation agree on a first level very well with those previously reported and obtained 

by conventional CV of the substrate.  However, they provide deeper insight into the 

formation of species that may in fact be at too small a level or obscured by other 

processes occurring during a conventional potential scan on a substrate. For example, our 

results strongly suggest the formation of “incipient oxides” on Au and Pt at less positive 

potentials that are detected by virtue of the sensitivity of the titration of the substrate 
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surface and that are not observed on the cathodic part of the substrate CV. This feature 

offers the advantage of detecting species at the potential at which they are formed by 

means of a chemical reaction and not at the potential at which they become 

electrochemically detectable. The detection of the gold oxides was tested with two 

different titrants, Ru(NH3)6
2+ and MV+, thus confirming the operation principle. While 

there were small differences in the reduction mechanism as observed in the collector 

responses, the quantification in both cases was very similar. A change of other 

conditions, such as the buffer composition, also influenced the shape of the response, 

however the correspondence to the expected behavior remained. This new analytical tool 

should be useful for the study of adsorption phenomena at electrocatalysts and in the 

characterization of surface modified materials, the following chapters demonstrate some 

applications. 
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Chapter 3. Detection and Quantification of Adsorbed Hydrogen at Pt 

 

3.1 INTRODUCTION  

We report on the use of scanning electrochemical microscopy (SECM)1 in the 

surface interrogation (SI) mode2 for the detection of adsorbed hydrogen, H(ads), an 

oxidizable adsorbate,3 on a Pt surface. As a model application of this mode to catalysis, 

we studied the decomposition of formic acid (HCOOH) in solution on an unbiased Pt 

surface to produce H(ads). The SECM is an electroanalytical technique that enables the 

study of chemical and electrochemical aspects of diverse interfaces,1,4,5 and has been used 

in a variety of modes for the study of catalytic and electrocatalytic processes.1,6 We 

recently introduced the SI-SECM for the quantification of an electrogenerated adsorbate, 

chemisorbed oxygen on Pt and Au as a function of potential, where the tip interrogated 

the metal substrate by generating a “titrant” that could reduce the surface oxide species.2 

In the present study, we explore the complementary case of the detection and 

quantification of an oxidizable adsorbate by generating an oxidant at the tip.  We also 

elaborate on the use of this mode for the interrogation of the adsorbed products of a 

heterogeneous catalytic reaction at a substrate, with special emphasis on our ability to do 

so without the direct participation of the substrate in the analytical process. The technique 

allows examination of a substrate at open circuit (OC) and decouples its role as 

electrocatalytic surface and means of analysis as is commonly the case in the 

electrochemical quantification of adsorbed species.3,7 Such a strategy allows a simple and 

direct route to determine in-situ the surface coverage of reaction intermediates and 

reveals species that otherwise remain obscured by side processes occurring at the 

catalytic substrate.2           



 69 

The use of the SECM for the study and design of electrocatalysts is of ongoing 

interest in our group,8-13 which also includes the electrochemical oxidation of formic 

acid.14 This process has been widely studied in noble metals because of the potential use 

of HCOOH for fuel cells.15  One of the limiting factors for the efficient electrochemical 

conversion of HCOOH to CO2 and H+ at Pt in acidic media is the poisoning and blocking 

effect of adsorbed intermediates,16,17 such as CO(ads), HCOO(ads) (“formate”), COOH(ads), 

COH(ads) or HCO(ads) .
18 This has been investigated by the use of in-situ IR and related 

methods, which are especially well suited for the detection of carbonyl species .18-22 Since 

early studies,23-25 a route termed the “direct pathway”,19,26 i.e.,  direct oxidation to CO2 

and H+, was identified as beneficial in terms of avoiding poisoning species. However, the 

“indirect pathway” (which generates CO(ads)) inevitably also comes into play.17  

An important part of the discussion in the same early studies of HCOOH 

oxidation is the formation of  H(ads) by the catalytic decomposition of HCOOH at the Pt 

surface (a leading route to the “direct pathway”); this discussion was fed by the 

observation that the open circuit potential (OCP) of a Pt electrode in contact with  

solutions of different concentrations of HCOOH would exhibit a transient that stabilized 

to potentials where  H(ads) UPD is possible.23-25,27-31 The quantification of this adsorbed 

species, and how it related to such changes in the OCP were not fully described,30 

although recently these OCP measurements have come back into focus because of the 

interplay that adsorbed and solution phase species have in HCOOH based catalytic 

systems,32,33 e.g., in electrochemical oscillators.22,34    

The decomposition of HCOOH to CO2 and H2 is thermodynamically favored 

(∆G
0 = -14 kcal/mol),35 and it has been well established in gas phase studies that these are 

the main products on Pt surfaces,36-40 especially at low temperatures (reminiscent of low 

electrochemical overpotentials); in fact, other noble metals such as Pd are well known to 
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catalyze this decomposition,40-43 a possible lead that links  good electrocatalytic behavior, 

as it is with Pd and modified Pd electrodes,  to gas phase catalytic activity.14,15,25 The role 

of HCOOH as a reducing agent in conjunction with Pt surfaces and colloids has been 

reported,44-46 and recent computational studies have discussed the formation of   H(ads) on 

Pt from HCOOH,47 so the quantification of this species by SI-SECM is clearly of interest. 

While the detection and quantification of this adsorbate through spectroscopic techniques 

remains elusive,48-50 we hope that this in-situ electrochemical approach is useful for the 

characterization of  H(ads) (or other oxidizable species) on catalysts and electrocatalysts.  

 

3.2 EXPERIMENTAL  

Figures 3.1 and 3.2 show the mode of operation of SI SECM for the formation 

and quantification of H(ads). The adsorbate is shown to be formed at a Pt electrode by 

either of two routes: the electrochemical underpotential deposition (UPD) of hydrogen 

adatoms achieved by applying a reduction potential to the Pt electrode, Figure 3.1 panel 

A, or by the catalytic decomposition of molecule a substance, e.g., HCOOH through one 

possible pathway, e.g. the “direct pathway”, at the Pt surface when the electrode rests at 

open circuit (OC), Figure 3.1 panel B; the first represents an electrocatalytic route and the 

second one a catalytic route.  Prior to either of these processes, a SECM interrogator 

electrode, e.g., a Au tip or glassy carbon electrode, is located concentrically to the Pt 

electrode a short distance from it (≈ 0.1-0.2 a, where a is the radius of the interrogator 

electrode) and a reversible redox mediator, R, present in the solution is oxidized to O at 

the interrogator electrode, as shown in Figure 3.2 panel A; this oxidized mediator diffuses 

to the Pt substrate which is at OC.  Species O reacts with H(ads) at the Pt surface to 

regenerate R. As depicted in Figure 3.2 panel B, in the absence of H(ads) (the blank)  
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Figure 3.1. Electrocatalytic and catalytic formation routes of H(ads) on Pt.  

(A) Formation of H(ads)by electrochemical UPD of H (from proton in solution) on Pt or 

(B) Formation of H(ads) by catalytic decomposition of HCOOH on the Pt substrate at open 

circuit (a possible route, “direct pathway”).  

(A) 

(B) 
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Figure 3.2. Depiction of the H(ads) SI-SECM process and expected response.  

(A) Interrogation of H(ads) on a Pt substrate by an oxidized species O electrogenerated at 

an inert electrode (e.g. Au) from R (initially present in the solution); Pt substrate is at 

open circuit. (B) Depiction of SI results. Dashed green line shows surface interrogation 

response in the CV mode for the events in (A);  transient consumption of H(ads) follows 

the path of a positive feedback (substrate bias) scan of the O/R couple and then drops to 

the path exhibited by a negative feedback (no substrate bias) scan of the same couple.   

(A) 

(B) 
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the interrogator electrode would show the response labeled as negative feedback (NF), 

i.e.,  a geometric blocking of the diffusion of R. In the presence of H(ads), the reaction of 

O and  H(ads) to give R, produces a transient larger current at the  interrogator electrode 

for as long as  H(ads) is available for reaction. This increased current is due to the transient 

collection of the regenerated R and gives quantitative information about the amount of  

H(ads) at the Pt surface by simple integration of the NF-background-subtracted signal.  If 

the reaction between O and  H(ads) is rapid and mechanistically uncomplicated, the path 

shown by the transient response follows the one exhibited by a positive-feedback (PF) 

process, in which the Pt substrate regenerates R electrochemically by choice of a suitable 

potential bias.1,2  

Chemicals. All solutions were prepared with deionized Milli-Q water. Chemicals 

used as received: sulfuric acid (94%-98%) and perchloric acid (67%-71%) both trace 

metal grade  from Fisher Scientific (Canada); agar purified grade from Fisher Scientific 

(Fair Lawn, NJ); sodium acetate trihydrate and acetic acid glacial from Mallinckrodt 

(Paris, KY); silver nitrate (99+%,) silver wire (99.9%), sodium perchlorate (99%) from 

Aldrich (Milwaukee, WI); formic acid (96%) from Acros Organics (NJ); N,N,N’,N’- 

tetramethyl-p-phenylenediamine (TMPD, 99%) from Sigma (St. Louis, MO); 

ferrocenemethanol (FcMeOH, 97%) from Aldrich (Russia); potassium 

hexacyanoruthenate(II) (K4Ru(CN)6), potassium hexachloroiridate(III) (K3IrCl6), 

tris(1,10-phenanothroline) iron(II) perchlorate (Fe(phen)3(ClO4)2) from Alfa Aesar (Ward 

Hill, MA); ferrocene monocarboxylic acid (FcCOOH, 97%) from Strem Chemicals 

(Newburyport, MA); gases: carbon monoxide (CO) research grade from Specialty 

Chemical Products (South Houston, TX), hydrogen (H2) ultra high purity and Argon from 

Praxair (Danbury, CT). Tris(2,2’-bipyridine) ruthenium(II) perchlorate (Ru(bpy)3(ClO4)2) 

was prepared by metathesis of tris(2,2’-bipyridine) ruthenium(II) chloride (Ru(bpy)3Cl2) 
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from GFS chemicals (Columbus, OH) with sodium perchlorate in aqueous solution. 

Acetate buffer solution pH=4 0.1 M in acetate was prepared by dissolving sodium acetate 

in water and adjusting the pH with acetic acid.  

Electrodes. Gold (99.99+%), platinum (99.99%) 25 µm diameter wire, platinum 

(99.99%) and palladium (99.99%) 100 µm diameter wire from Goodfellow (Devon, PA) 

were used to fabricate the SECM electrodes by procedures described elsewhere;1 the tips 

used in this study had an RG ≤ 2 (where RG = rg/a, rg is the radius of the tip’s flat apex). 

Glassy carbon (GC) plates 1 mm thick from Alfa Aesar (Ward Hill, MA) were cut into 

squares of 1 cm2 and selectively insulated with a PTFE dispersion precursor (Aldrich) 

through a previously reported procedure51 (See Appendix 1 as well)  to reveal a single 

GC microelectrode ~200 µm in diameter.  All metallic electrodes were polished prior to 

use with alumina paste (0.05 µm) on microcloth pads (Buehler, Lake Bluff, IL), and 

sonicated for 15 min in water. Pt electrodes were further cycled between -0.1 and 1.2 V 

versus NHE in 0.5 M sulfuric or 1 M perchloric acid to a constant CV previous to 

adsorption measurements.  

Two electrode setups were used for the SI technique. In both cases, we will 

consider the Pt electrode as the substrate, whereas the other electrode, either Au or GC, is 

the interrogator electrode. Setup 1 consisted of a 25 µm diam. Au interrogator electrode 

concentrically aligned to a 25 µm diam. Pt substrate electrode and set 1-3 µm apart in the 

z-direction (corresponding roughly to 0.1-0.2 times the tip radius, a, as depicted in Figure 

3.2 panel A. Setup 2 consisted of a 200 µm diam. GC interrogator electrode (from a 

selectively insulated GC plate) over which a 100 µm diam. Pt substrate electrode was 

positioned and concentrically aligned at 5-10 µm distance in the z-direction. These two 

electrode arrangements are equally valid for the purpose of the surface interrogation 

technique; the geometry in system 2 introduced in this study presents the same 
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characteristics as described in ref. 2, an important one being that any assembly that 

provides an adequate thin layer cell (between the substrate and interrogator electrodes)7 is 

useful, thus, expanding the uses of the SI mode to materials where UMEs are difficult to 

fabricate. The procedure to align and approach the electrodes consists in the use of 

feedback and generation-collection SECM modes and has been discussed in detail in ref. 

2 (see also Chapters 1 and 2) .  In all experiments, an Ag/AgCl (sat’d KCl, 0.197 V vs 

NHE) reference electrode was used; however all potential measurements are reported 

versus NHE. Chloride leakage from this reference was prevented by the use of a 0.2 M 

sodium perchlorate / 3% w/v agar salt bridge. A 0.5 mm dia. tungsten wire (Alfa 

Products, Danvers, MA) was used in all experiments as a counter electrode. All solutions 

used in the electrochemical cell were thoroughly bubbled with Ar prior to 

experimentation and were kept under a humidified argon blanket.  

Procedures. SECM and other electrochemical measurements were done with 

either a CHI900 or CHI920C SECM station bipotentiostat (CH Instruments, Austin, TX).  

For studies on the behavior of mediators, the systems were tested in the feedback mode of 

SECM using setup 1. Once the electrodes were positioned, their positive and negative 

feedback characteristics were evaluated in the CV modality. Initially, only the reduced 

form, R, of the mediator is present in solution; its oxidized form, O, was produced at the 

interrogator electrode by scanning the potential from ca. -200 mV to +200 mV from the 

mediator E1/2 (in a microelectrode, E1/2 is the potential E when i/ilim = 0.5, where i is the 

current and ilim is the limiting current) at a scan rate, v, between 5 to 50 mV/s (slower 

scan rates are preferred for setup 2).7 For positive feedback experiments, the Pt substrate 

was biased at a potential where reduction of O is possible, i.e., -200 mV from E1/2. For 

negative feedback experiments, the Pt substrate was disconnected from the setup and 

allowed to rest at OC while the interrogator electrode was scanned.   
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For the evaluation of electrochemically generated UPD  H(ads)  by the SI mode, the 

Pt substrate was scanned at 50 mV/s to potentials between 0.42 V and 0.02 V vs NHE, 

stopping at different values of E between these bounds in order to dose different amounts 

of  H(ads). Following this, the Pt substrate was brought to OC and the interrogator 

electrode (that was allowed previously to rest at OC) was scanned (vide infra) to produce 

O from R. The feedback response of the interrogator electrode was recorded; the amount 

of interrogated adsorbate was obtained by subtracting the negative feedback background 

from the SI experimental results and integrating the result. These amounts were 

compared to the integration of the UPD H(ads) response obtained through a linear potential 

scan on the Pt substrate to the potential of 0.02 V vs NHE, charge to which is assigned a 

coverage of 1 monolayer (ML).   

For the study of the decomposition of formic acid at the Pt substrate, setup 2 was 

used in all experiments. Prior to the addition of HCOOH to the electrochemical cell, the 

SI of 1 ML H(ads) UPD was obtained for comparison using TMPD as mediator. Into the 

well-deaerated solution containing 1 M HClO4 and 0.5 mM TMPD, concentrated 

HCOOH was injected to give a final concentration of 12.5 mM. The OCP of the substrate 

was monitored with time and at a desired value the interrogation was run by scanning the 

interrogator electrode to produce oxidized TMPD as described for SI of H(ads) UPD. At 

the end of each experimental session, a PF scan was run to verify that the alignment of 

the electrodes had not changed significantly throughout the experiments.   

 

3.3 SELECTION OF SUITABLE REDOX MEDIATORS 
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TMPD was found to be a good redox mediator for the interrogation of H(ads) at 

platinum at low pH, e.g., pH ≈ 0 in 0.5 M H2SO4 or 1 M HClO4. The criteria used to 

determine the goodness of a mediator is largely based on the following characteristics: 

(1) high to moderate solubility in the medium, (2) stability of both forms of the redox 

pair, (3) a large difference in E0 with respect to adsorbed hydrogen (E0 = 0 V vs NHE for 

the H+/H2 pair, but preferably E0>0.4 V for the mediator to be outside the UPD region on 

Pt), (4) low electrochemical background when performing the SI technique (which 

reflects lack of interaction with the Pt substrate during the negative feedback acquisition), 

and (5)  quantitative reaction of the oxidized form with  H(ads). 

Figure 3.3 shows the cyclic voltammogram of Pt in 0.5 M H2SO4 as well as the 

position of the oxidation waves for three mediators (0.5 mM each and shown in the PF 

mode using setup 1) that comply well with criteria (1), (2) and (3): Ru(bpy)3
2+

 and 

Fe(phen)3
2+ which are metal complexes and TMPD, an aromatic amine. These initial 

substances represent R in the previous discussion; their oxidation products, O, are good 

oxidizing agents that energetically overlap (to different degrees) in the region where the 

formation of oxides is observed in the CV of Pt. Only TMPD complies well with criteria 

(4) and (5), as it is shown in Figure 3.4. Working in the SI mode with TMPD and upon 

dosage of the Pt substrate with  H(ads), this mediator is able to interrogate it quantitatively 

(recovery of H.
(ads) is larger than 97% for 1 ML of  H(ads)); the SI response lies well within 

the interrogation window as depicted in Figure 3.2 panel B and the negative feedback 

response shows a low background, roughly 0.3 iT,∞, where iT,∞ represents the tip limiting 

current far away from the substrate; this level of background is expected for a well-

behaved mediator under the conditions described in setup 1.2,52 Figure 3.4 also reveals 

however that the SI response is shifted slightly from the trace drawn by the positive 

feedback scan and exhibits a sharp peak well into the interrogation wave. The oxidation 



 

 

 

 

 

 

 

 

Figure 3.3. Energetics of mediators with respect to the behavior of 

CV of Pt UME (a = 12.5 

voltammograms of 0.5 mM mediator (TMPD, Ru(bpy)

a Au UME at ν = 50 mV/s and L

is 0.5 M H2SO4. All PF scans taken wit
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Energetics of mediators with respect to the behavior of Pt in acid.

12.5 µm), ν = 50 mV/s and comparison to positive feedback 

voltammograms of 0.5 mM mediator (TMPD, Ru(bpy)3(ClO4)2 or Fe(phen)

50 mV/s and L ≈ 0.2 away from a Pt substrate UME, setup 1. 

All PF scans taken with Esub at least 0.3 V more negative than 

Pt in acid. 

50 mV/s and comparison to positive feedback 

or Fe(phen)3(ClO4)2) on 

t substrate UME, setup 1.  Solution 

at least 0.3 V more negative than E1/2. 



 

 

 

 

 

 

 

Figure 3.4. SI-SECM of H(ads)

Surface interrogation of H(ads)

taking the Pt substrate through a linear scan from

Interrogator electrode scan, ν

conditions. Solution is 0.5 M H

in unbuffered 0.1 M K2SO4, 

Esub 0.3 V more negative than 
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(ads) on Pt using TMPD as mediator.  

(ads) at Pt with TMPD 0.5 mM, setup 1.  H(ads) was dosed by 

taking the Pt substrate through a linear scan from 0.42 V to 0.02 V at 50 mV/s. 

ν = 20 mV/s. Comparison to NF and PF for the same TMPD 

olution is 0.5 M H2SO4. Inset shows structure of TMPD and CV of TMPD 

, ν = 50 mV/s at Au UME (a = 12.5 µm). PF scan

0.3 V more negative than E1/2. 

 

was dosed by 

0.42 V to 0.02 V at 50 mV/s. 

= 20 mV/s. Comparison to NF and PF for the same TMPD 

Inset shows structure of TMPD and CV of TMPD 

PF scan taken with 
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 of TMPD is pH sensitive, for instance, in unbuffered 0.1 M K2SO4 (pH~9) the UME CV 

reveals two distinct waves at 0.28 V and 0.72 V vs NHE of the same height (DTMPD 

=1.03×10-9 m2/s), suggesting two consecutive oxidation processes, as shown in the inset 

of Figure 3.4. Under the acidic conditions of this study, we observe only one broad wave 

whose limiting current corresponds to a one electron process when compared to the 

unbuffered case. The need to apply a larger oxidation potential to drive the reaction may 

be indicative that oxidation is actually carried on the protonated state of the TMPD 

molecule, i.e., it is harder to remove an electron from the positively charged TMPD 

molecule. Titration of a solution of TMPD with perchloric acid shows at least one 

protonation event, with pKa = 6.3 for the dissociation of TMPDH+, shown in Figure 3.5.  

At the pH used for experimentation, pH~ 0, TMPD is shown to be present at least in its 

monoprotonated form, as can be deduced from Figure 3.5 in which at least one equivalent 

of free base TMPD is titrated with a strong acid. Further equivalent points down to pH ~2 

were not found. For simplicity we refer to TMPD throughout the text, although it must 

then be kept in mind that TMPD is in an ionic form and is pH sensitive.  

 The shift of the SI response from the ideal PF response may be due to changes in 

the local pH environment brought by the discharge of protons into solution as a 

consequence of the interrogation  process, especially in the vicinity of the substrate, 

which may affect both the energetics and reaction kinetics of oxidized TMPD and H(ads) 

in a more complex fashion than we have treated it so far; despite this slight discrepancy 

with the expected result (e.g. from simulation, Chapter 1), its use was strongly favored in 

this study for the reasons outlined above.   

While TMPD was an adequate mediator for the interrogation of H(ads) on Pt, other 

mediators based on metal complexes displayed a less satisfactory behavior, mainly with 
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Figure 3.5. Potentiometric titration of a TMPD solution.  

Potentiometric titration of 100 ml of a 2.5 mM solution of TMPD in water using 0.1 M 

perchloric acid as the titrant. One equivalent of TMPD is titrated, with pKa=6.3 for the 

acid TMPDH+. Experimental results for the titration are shown in the graphic.  
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 respect to their interaction with the substrate. Figure 3.6 shows the comparison of the NF 

and PF scans upon oxidation of different mediators in acidic media. Figure 3.6 panel A 

shows for 0.1 mM Ru(bpy)3
2+ in proximity to a Pt substrate in setup 1; the quantification 

window, as depicted in Figure 3.2 panel B  and as obtained for TMPD, Figure 3.4, is 

almost absent. In the case of Ru(bpy)3
2+, the NF response exhibits an increased 

background that reaches the response level of PF; such a background is unacceptable for 

the quantification of H(ads). Also, upon interrogation of H(ads), the recovery was poor and 

often irreproducible. The large background observed in the NF scans can be rationalized 

in terms of the oxidized mediator O attacking the metal substrate to a small extent; in the 

case of platinum this could proceed through the formation of platinum oxides (PtOH, 

PtO) along with the regeneration of R, which can account for the recycling of the reduced 

species to give a positive feedback-like response where otherwise a low background 

should be observed. In fact, the use of oxidizing mediators in SECM studies has been 

applied extensively for the patterning and dissolution of substrates such as copper,53 

silver54 and silver nanoparticles,55 and semiconductors.56 That the oxidation waves of 

mediators such as Ru(bpy)3
2+ and Fe(phen)3

2+ overlap the oxygen adsorption features in 

the Pt voltammogram, Figure 3.3, allows for the possibility of them interacting to form Pt 

oxides. In this respect TMPD was a special case that did not follow this trend, so it allows 

for the study of a wide potential range on the Pt substrate (≈0 to 0.8 V vs NHE), which is 

optimal for the study of H(ads). The interrogation of H(ads) on Pt was also studied with 

other pH conditions where more mediators are stable. Figure 3.6 panels B and C show the 

results for the negative and positive feedback of 0.1 mM Fe(phen)3
2+ and IrCl6

3- 

respectively in pH=4 phosphate buffer; as in the case of Ru(bpy)3
2+, these two mediators 

also show increased  

 



 

 

Figure 3.6. Feedback scans for 

(A) 0.1 mM Ru(bpy)3(ClO4)

L≈0.2. (B) Fe(phen)3(ClO4)2

buffer pH=4. Au tip, setup 1, 

open circuit. All PF scans taken with 

(A) 

(B) 

(C) 
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for oxidizing mediators on a Pt substrate. 

(ClO4)2 in Ar-purged 0.5 M H2SO4, Au tip, setup 1; 

2 and (C) K3IrCl6 , both 0.1 mM in Ar-purged 0.1 M acetate 

, ν=20 mV/s. L≈0.2. All NF scans taken with the substrate at 

open circuit. All PF scans taken with Esub at least 0.3 V more negative than E

 

, Au tip, setup 1; ν=20 mV/s, 

purged 0.1 M acetate 

0.2. All NF scans taken with the substrate at 

E1/2. 
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negative feedback signals and poor quantification of hydrogen; both overlap the oxide 

formation region of Pt as well, thus confirming that this effect may be due to the transient 

oxidation of the substrate by the mediator. Other oxidizing mediators such as Ru(CN)6
4-

 

and FcCOOH also showed the same high background results.   

Figure 3.7 shows the interrogation of H(ads) at pH=4 in acetate buffer using 

ferrocenemethanol (FcMeOH) as mediator.  While it was possible to establish a 

reasonably wide quantification window, recoveries with this mediator were about 90% 

and the reaction kinetics between FcMeOH+ and H(ads) were sluggish, as evidenced by the 

broad and slow decay of the SI scan in Figure 3.7. This kinetic sluggishness may be 

related to the smaller energetic gap between FcMeOH and H(ads); one such energy-kinetic 

relationship is shown in Chapter 5. FcMeOH has the advantage of being oxidized at a 

potential that lies well in the double layer region of Pt at this pH, and is probably the 

reason why the NF scans show a moderately low background, unlike more oxidizing 

mediators as shown in Figure 3.6. Notably, other types of oxidizing mediators, such as 

Br2, produced from the electro-oxidation of Br-, provided low backgrounds on NF, which 

may be linked to the suppression of oxide formation on the Pt substrate; this case has 

been explored concurrently to the present study by demonstration of the reactivity of 

electrogenerated Br2 and adsorbed CO on Pt (see Chapter 4).57  

 

3.4 QUANTIFICATION OF ADSORBED HYDROGEN 

 

The quantitative surface interrogation of H(ads) on Pt by TMPD in acidic media 

was studied with different amounts of  H(ads) dosed to the substrate electrode. Figure 3.8  

 



 

 

 

 

 

 

Figure 3.7. Surface interrogation of 

Setup 1; H(ads) was dosed by taking the Pt substrate 

ν = 200 mV/s. Interrogator electrode scan

the same FcMeOH conditions, 

was Ar-purged 0.1 M acetate buffer pH
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nterrogation of H(ads) at Pt with FcMeOH at pH = 4.  

was dosed by taking the Pt substrate through CV from 0.2 V to 

200 mV/s. Interrogator electrode scan, ν = 20 mV/s. Comparison to NF and PF for 

the same FcMeOH conditions, ν = 20 mV/s. Inset shows structure of FcMeOH.

urged 0.1 M acetate buffer pH = 4, 0.1 mM of FcMeOH was used.  

 

 

 

 

 

V to -0.24 V at 

= 20 mV/s. Comparison to NF and PF for 

20 mV/s. Inset shows structure of FcMeOH. Solution 
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shows a typical progression of SI scans performed by a GC interrogator electrode (setup 

2) on a Pt substrate dosed with  H(ads); the amount of  H(ads) was adjusted by scanning the 

substrate to different potentials within the UPD region for hydrogen as depicted in the 

inset by the dashed lines. A common feature exhibited by these SI scans was a 

displacement of the peak signal with respect to the dosage. This displacement is related to 

the shift observed in Figure 3.4 with respect to the PF scans, which we have discussed in 

terms of the pH sensitive nature of TMPD and the discharge of protons after the 

interrogation process. The SI scans do follow a common trace that ends in a sharp peak 

whose integration yields ≈ 2% of a monolayer of H(ads). At lower doses however, e.g., 

potential limit of 0.42 V, the SI features are less shifted from the PF scan, thus suggesting 

that pH effects may have a lesser contribution to the shape of the SI scans.  A  measure of 

the goodness of the SI scans lies in the quantitative comparison of  H(ads) found by SI vs 

the amount dosed (determined by integration of the charge delivered during the linear 

sweeps on the substrate). Figure 3.9 shows such comparison for a series of experiments 

performed on both setups 1 and 2. There is quantitative agreement to approximately 0.2 

V more positive than the onset of hydrogen evolution, with an average standard deviation 

of 5% of a monolayer for five independent experiments. The disagreement observed for 

more positive potentials in Figure 3.9, which accounts roughly for 10% of a monolayer of 

H(ads) was further investigated. The inset of Figure 3.9 shows two SI experiments 

conducted by taking the substrate to 0.32 V in the presence of traces of O2 (typical 

experimental Ar-purging conditions) and upon even more extensive purging with Ar, and 

its comparison to a NF scan; the results suggest that there is a link between the feature 

observed at these potentials and a non-negligible oxygen reduction process, possibly 

indicative of an adsorbed intermediate derived from this reaction. This peak is only 

observed upon substrate bias, which is the reason why it is still possible to obtain good 
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Figure 3.8. Surface interrogation of H(ads) on Pt at different dosing.  

SI scans in 0.5 mM TMPD in 1 M HClO4 with different doses of H(ads) delivered to the Pt 

substrate by a linear sweep at ν = 50 mV/s from 0.42 V to the potential limit indicated for 

each curve. Setup 2 was used, interrogator electrode ν = 5 mV/s; inset shows 

representation of the potential limits on the Pt substrate sweep used during the H(ads) 

dosage. 
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Figure 3.9. Comparison of the normalized charge from SI and substrate CV.  

 Different doses of H are delivered to the substrate by a scan to the corresponding 

potential limits. Normalization is done with respect to the hydrogen UPD integrated 

charge to a potential limit of 0.02 V on the sweep experiment  at the substrate, which is 

assigned the value of 1 ML. Results from both setup 1 and setup 2 are averaged. Inset 

shows SI scans of the system when the potential limit of 0.42 V was used with trace 

oxygen (brown) and after extensive Ar purging (green) and the comparison to NF (blue); 

setup 2, ν = 5 mV/s. Solution is Ar-purged 0.5 mM TMPD in 1 M HClO4.  
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NF scans (e.g. in contrast with the results for titration of oxides, Chapter 2). Note 

however that the extensive purging conditions used to prove this point are impractical 

enough to prevent us from maintaining them over long periods of time, and thus, not 

achievable under our typical experimental conditions in our SECM cells.  

The possible contribution of TMPD adsorption at the Pt substrate to the observed 

discrepancy was evaluated by comparison of the voltammograms of H(ads) UPD in the 

presence and absence of TMPD and by chronocoulometry of TMPD oxidation. The case 

for CV is shown in Figure 3.10 panel A; comparison of the curves in the presence of and 

in the absence of TMPD suggests that in the presence of TMPD, the H(ads) waves are 

slightly displaced towards more negative potentials. Subtraction of the TMPD curve from 

the one in clean solvent during the forward scan (positive to negative) reveals at most a 

difference of 4.6% ML. This implies that most of the surface is free for hydrogen 

adsorption, and in the case of our SI measurements, this value is less than the standard 

deviation (5%). Figure 3.10 panel B shows the results for chronocoulometry on a Pt 

electrode for the oxidation of TMPD. The plot was obtained by measuring the charge 

delivered to the electrode during a potential step into a potential where TMPD is oxidized 

at a diffusion limited rate and subtracting a blank step in the absence of TMPD. This was 

done because Pt oxides are formed in the same potential region. The step in the presence 

of TMPD yields the total charge QTot = QDL + QTMPD + QOxide + QTMPD-ads, a result of the 

the associated charges for charging of the double layer, oxidation of TMPD in solution, 

formation of oxide and oxidation of TMPD adsorbed on the electrode respectively. The 

step in the absence of TMPD yields the blank charge Qblank = QDL + QOxide, thus the 

difference QTot - Qblank = QTMPD + QTMPD-ads yields a simpler response. QTMPD should show 

a linear dependence with respect to the square root of time, as predicted by integration of 

the Cottrell equation, while any vertical displacement in this plot should yield the charge 
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Figure 3.10. Estimation of TMPD adsorption at a Pt electrode by CV and CA.  

a = 50 µm. Solution: 0.5 mM TMPD in 1 M HClO4. (A) CV of the H(ads) UPD area, in the 

presence and absence of TMPD, ν = 50 mV/s. (B) Plot of charge versus t1/2 for 

chronocoulometry of 0.5 mM TMPD oxidation in 1 M HClO4, 0.1 s step from 0.7 V to 

1.2 V vs NHE; step is background subtracted from one in solution without TMPD. 

Charge of 1 ML of H(ads) for this electrode is 90.4 nC. 

(A) 

(B) 
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corresponding to adsorbed TMPD, QTMPD-ads. The result shown in Figure 3.10 panel B for 

short times at the Pt microelectrode (in order to avoid steady state effects), reveals 0.4% 

ML adsorption of TMPD on Pt.   

The CV and chronoamperometric measurements showed between 0.4% and 4.6% 

ML equivalent TMPD adsorption, which lies well within the measured standard deviation 

of 5% in our experiments. Adsorption of the protonated TMPD, as it is the case in our 

experiments, seems unlikely in view of its increased hydrophilicity compared to the free 

base TMPD, reason for which we can disregard its contribution to any measurable signal, 

leaving most of the Pt surface available for H(ads) adsorption. Notice also that, as will be 

discussed for formic acid, there is a possibility also that TMPD could decompose at Pt, 

however experimentally we did not observe any important indication of it, other than 

what can be contributed in the standard deviation of our measurements, and the 10% 

discrepancy observed in the presence and absence of oxygen in the cell.   

The described 10% discrepancy is an interesting finding, however further 

exploration will be conducted separately from this study; an important message remains 

that trace background processes may play an important role in the quantification and 

assignment of the signals observed in SI scans. Furthermore, the effects of interfering 

species such as O2 itself will be shown to be relevant in the following discussion about 

the decomposition of HCOOH on Pt.  

An experiment in the presence of dissolved H2 gas in acidic solution was carried 

out (setup 1) as shown in Figure 3.11. In the SI configuration, the interrogator electrode 

response shows a peak with similar characteristics to the ones described for the limiting  

H(ads) dosing, Figure 3.4; this peak is not observed when the SI scan is taken at a larger 

distance from the substrate, which confirms the surface nature of the H2 adsorption 

process. A constant background offset with respect to the NF level is also observed in  
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Figure 3.11. SI-SECM of H(ads) on Pt in the presence of H2 decomposition.  

Effect of addition of hydrogen gas to the system. The solution is 1 M HClO4 + 0.5 mM 

TMPD and in the presence of H2, it was added to saturation following Ar purging. Setup 

1 is used and interrogator scan ν = 20 mV/s. Long distance SI scan (SI-long d) was done 

15 µm further away than SI scan. NF in the absence of added H2. 
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Figure 3.11. This offset is probably due to the supported oxidation of H2 by the mediator 

at the Pt surface, which suggests a continuous and fast formation of H(ads) at Pt from this 

precursor. This type of effect is expected for those catalytic systems in which the parent 

molecule decomposes quickly at the substrate. The following sections deal with the 

decomposition of HCOOH at Pt, a process which is slow enough so that this background 

effect is absent and can be neglected. Note however that the possibility of using a 

mediator to carry out an inner sphere reaction supported at a suitable catalyst (in this case 

Pt catalyzing the decomposition of H2) and obtaining a feedback current from it may be 

an interesting way of studying mediated electrocatalysis through a heterogeneous catalyst 

(which needs not to be conductive !).   

 

3.5 THE OPEN CIRCUIT DECOMPOSITION OF FORMIC ACID AT PLATINUM 

We used the SI technique to show that formic acid is catalytically decomposed on 

a Pt surface at open circuit to produce H(ads) and that the amount of this adsorbate is 

related to the open circuit potential (OCP) of the system at the time of interrogation. 

Figure 3.12 shows a typical open circuit transient measured in the presence of 12.5 mM 

formic acid in 1 M HClO4 and 0.5 mM TMPD for a Pt substrate assembled in setup 2 (in 

this setup a GC electrode is used as the interrogator since this material is not active for 

the oxidation of HCOOH, while Au is reported to have some electrocatalytic activity).58 

In the absence of formic acid, the open circuit potential of the Pt substrate in this solution 

is typically close to the foot of the TMPD oxidation wave (≈ 0.7 V); upon injection of 

HCOOH into the solution, the OCP of the platinum substrate dropped to a limiting 

potential of ≈ 0.22 V depending on the concentration of HCOOH (in t ≈ 300 s for this 

study where [HCOOH] =12.5 mM) and the amount of trace O2 in the electrochemical 
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cell. The shape and potential limits of an OCP transient like that shown in Figure 3.12 is 

consistent with that reported by others,25,32,33 and known since early studies of the 

decomposition of HCOOH.23-31 This displacement of the OCP towards more negative 

potentials is an indicator of the formation of H(ads), although to  our knowledge a clear 

quantification of such an intermediate is lacking, especially under the conditions of this 

study where the Pt substrate is not biased. Figure 3.12 also shows for comparison that in 

the two electrode assembly, only the potential of the Pt substrate which catalyzes 

HCOOH decomposition changes with time, while the GC interrogator shows only a 

negligible drift. Notice that the measurements here rely on the non-disturbance of the Pt 

substrate i.e., the two electrode SI setup is used to probe the catalytic activity of the 

metal, rather than its electrocatalytic behavior.  The interrogator electrode probes the 

adsorbed species at the Pt surface through the use of the TMPD mediator, without the 

need for performing any amperometric or other dynamic measurements directly on the Pt 

electrode.  

Figure 3.13 shows a set of SI scans where the substrate was interrogated after 

reaching different open circuit potential values in the presence of HCOOH. Qualitatively 

we note the similarities to the SI scans done for the interrogation of H(ads) from the UPD 

of hydrogen, Figure 3.8; there is a shift of the peak intensity with respect to the 

interrogator potential at growing signal intensity. The amount of interrogated adsorbate 

was larger the less positive the OCP of the substrate, reaching a limit when the OCP 

transient stabilized, Figure 3.12. After a SI scan was performed on the substrate, its OCP 

was observed to restart from a positive value e.g., 0.6-0.7 V, and the transient towards 

less positive potentials was reproduced; interrogation at different potentials could be 

carried out numerous times during an experiment, which suggests that the adsorbate can 

form reversibly on the Pt surface. An interesting effect was observed upon admission of  
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Figure 3.12. Open circuit potential transient of Pt in the presence of HCOOH.  

 Solution: 1 M HClO4 + 0.5 mM TMPD + 12.5 mM HCOOH and Ar-purged to traces of 

O2. Experiment were done using setup 2. Blue curve shows the OCP of the Pt substrate 

while the red traces show switch to measurement of the interrogator electrode OCP (inert 

electrode). 
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Figure 3.13. SI-SECM oxidation scans with TMPD as mediator at different OCP of Pt in 
the presence of HCOOH.  

Solution: 1 M HClO4 + 0.5 mM TMPD + 12.5 mM HCOOH and Ar-purged to traces of 

O2. Experiments were done using setup 2. OCP values at the beginning of the SI- 

SECM scan are indicated in the graphic. Interrogator electrode, ν = 5 mV/s. 
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air into the electrochemical cell; Figure 3.14 panel A shows that when air is allowed into 

the solution, the OCP transient reverses towards more positive potentials, a possible 

indication that the adsorbed intermediate is removed by O2. When air was then removed 

by Ar purging, the potentials shifted again to less positive values. Parravano45 observed 

that a Pt colloid in contact with HCOOH upon admission of O2  led to the formation of an 

intermediate that initiated the polymerization of methyl methacrylate, but not in well-

deaerated solutions, where possibly  H(ads) is a less reactive species. Figure 3.14 panel B 

shows an example of reproducible interrogation done at the same potential limit upon 

admission and removal of air in the cell in a cycle like the one shown in Figure 3.15 

panel A; the interrogation scan retraced regardless of the path taken to arrive to the 

desired OCP.  

Figure 3.15 shows the quantification of the adsorbate (normalized to 1 ML of 

UPD H(ads)) for three series of experiments; the most relevant experimental finding is the 

dependence of the adsorbate coverage with respect to the OCP of the Pt substrate at the 

time of interrogation. As shown in Figure 3.12, the OCP transient reaches a limiting 

value near 0.22 V, which also coincides in limiting the amount with the charge 

corresponding to 1 ML of UPD  H(ads); the potential window exhibited by Figure 3.15 is 

wide, and in fact the limiting potential of 0.22 V is barely within the UPD region of 

platinum, although the quantification of the adsorbate  strongly suggests that it can be 

identified as  H(ads). Possible larger intermediates, such as physisorbed HCOOH,23 formyl 

H·CO(ads), “formate”-like species H·COO(ads),
22 or even CO(ads)

59 would occupy more than 

one  H(ads) site, and hence a limiting coverage of 1 ML would not be attained, although 

some of these species cannot be discarded to be present as intermediates. In the case of 

physisorbed HCOOH the slow establishment of the limiting conditions in an environment 

which is well in excess of this substance and the potential dependence of the interrogated 
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Figure 3.14. Reversibility of OCP and SI-SECM measurements and O2 effects on a Pt 
electrode in the presence of HCOOH and TMPD as mediator.  

Solution: 1 M HClO4 + 0.5 mM TMPD + 12.5 mM HCOOH and Ar-purged to traces of 

O2. Experiments were done using setup 2. (A) OCP transient of Pt in the presence of 

HCOOH showing the effect of exposure to O2 and its removal. (B) Reproducibility of SI 

measurements after OC variations as shown in (A); scans 1 and 2 were obtained at a 

substrate OC potential of 0.3 V, interrogator ν = 5 mV/s. 

(A) 

(B) 
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Figure 3.15. H(ads) coverage vs. OCP for the decomposition of HCOOH at Pt as measured 
by SI-SECM with TMPD as mediator.  

Shown are 3 independent SI experiments using setup 2 from experiments as shown in 

Figures 3.12 to 3.14. Blue dashed line on experiment 1 is added to guide the eye. 1 ML of 

H(ads) was determined from integration of the UPD region at the substrate on a linear 

potential scan  previous to addition of HCOOH.  
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signal (especially with respect to the presence of oxygen) makes us discard it as our 

quantified adsorbate; recent DFT calculations also suggest that HCOOH adsorbs only 

weakly at the Pt(100) crystal (the same for CO2 which we will only consider a non-

adsorbed product).47  

A simple way of estimating the efficiency of Pt for the decomposition of HCOOH 

is to compare the rate of diffusion limited arrival of this molecule to the substrate to the 

times observed in the coverage transient. If we assume the rate of steady state mass 

transfer of HCOOH to the Pt microelectrode (r = 4nDaC* where n=2 for two equivalents 

of  H(ads) per HCOOH molecule, D is the diffusion coefficient of HCOOH, which we 

assume to be 1×10-9 m2/s, a is the radius of the microelectrode, 50 µm and C* is the 

concentration of the species, 12.5 mol/m3) with a typically observed  H(ads) area of 300 nC 

(3.11 ×10-12 mol), the electrode would form a monolayer of  H(ads) in approximately 0.6 s 

(r = 5.18 ×10-12 mol/s). For a typical OCP transient, where the time required for 

completion of a monolayer is c.a. 300 s, Figure 3.12, this implies that the decomposition 

process is overall at least 500 times slower than the diffusion-limited rate of HCOOH 

arrival at the electrode. 

We have assumed that this reaction is slow enough to neglect the effects of 

continuous decomposition of HCOOH during the SI scans since the subtracted 

background from the SI experiments was run in the presence of HCOOH, e.g., when the 

OC of Pt is most positive (as in a consecutive scan after the main SI scan) and it shows 

no relevant difference to a NF scan (in the absence of HCOOH) as shown in Figure 3.13. 

An estimation of the quantification error can be made and corrected coverage values 

based on Figure 3.15 will be shown in section 3.6. The estimated error is lower at higher 

coverage values, for instance, at EOCP ~ 0.22 V this error is estimated to result in an over 

quantification of ~15% ML, while at low measured coverage, the uncertainty between the 
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beginning of interrogation and the duration of the interrogation process cancels out the 

low coverage found in the 0.7-0.45 V region.  

The possibility that oxidized TMPD reacts with adsorbed carbon monoxide, 

CO(ads), was also assessed,  since this a possible product or intermediate of the 

decomposition of HCOOH. Figure 3.16 shows a SI scan over a Pt substrate dosed with 

gaseous CO (no HCOOH) and its comparison to NF and PF; the TMPD system shows no 

response to this adsorbate, although its presence could be detected by conventional 

voltammetry on the Pt substrate, inset of Figure 3.16. We conclude that the response 

obtained by the SI scans upon HCOOH decomposition does not come from adsorbed CO.  

Weak evidence that this species may be formed to some extent lies on the reproducibility 

of our measurements, especially in the high H(ads) coverage range (open circuit potentials 

0.27- 0.22 V). Over extended periods of experimentation time, ≈ 2-3 h, quantifications 

found at the least positive potentials dropped up to 10%, which may be indicative of a 

loss in the activity of the Pt substrate due to formation of small amounts of CO(ads). Even 

in this scenario, our results contrast with the RAIRS measurements of Ma and Zaera,60 in 

which exposure of Pt to HCOOH in neutral unbuffered media at open circuit provided a 

signal identified as CO(ads) in presumably high coverage almost immediately; the question 

arises whether the pH or the concentration of HCOOH play an important role in the 

formation of CO(ads). Surface interrogation experiments at pH=4 (acetate buffer) and 

pH=7 (phosphate buffer) using FcMeOH (TMPD is not a satisfactory mediator at these 

pHs, see Figure 3.4 inset) as mediator reveal no time dependence of the OCP and no 

detectable SI feedback upon interrogation. At this pH however, the predominant species 

is the formate anion (HCOO-) rather than HCOOH (pKa = 3.74), which significantly 

changes the nature of our measurements and discussion. In the case of the 

electrochemical oxidation of HCOOH “formate”-like species and CO(ads) form are said to 
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Figure 3.16. SI-SECM evaluation of the reactivity of CO with TMPD.  

CO gas was added to the solution of 1 M HClO4 + 0.5 mM TMPD; CO added to 

saturation following Ar purging. Setup 1 is used and interrogator scan ν = 20 mV/s. NF 

in the absence of added CO. Inset shows CO stripping at the Pt electrode after SI scan, ν 

= 100 mV/s. 
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form, even at low potentials, as observed through IR techniques18-22 (despite certain 

discrepancies among these studies)21 and is predicted by some DFT calculations.61 It 

remains an interesting and fundamental case how the described catalytic reaction of 

HCOOH on Pt reveals a slow but reversible route for the decomposition of this molecule 

to yield H(ads), which as explained in the introduction, shows an interesting parallel to the 

gas/solid interface observations. Furthermore, the mechanism by which CO(ads) may be 

formed remains also an open question, whether it is a consequence of a parallel path in 

the decomposition of the “formate”-like species47 or perhaps a slow inverse water gas 

shift reaction between  H(ads) and weakly bound CO2 to generate water and CO.62     

 

3.6 CORRECTION OF SI-SECM SCANS 

 

We proposed a simple isotherm for correlating the data extracted from the OC 

transients to that of the SI-SECM measurements at different OC, that is, to measure the 

kinetics of formation of H(ads) due to HCOOH decomposition at Pt.  Such a model was 

criticized because of its assumptions, e.g. that the process is Langmerian, that sites in a 

polycrystalline electrode are not homogeneous and that it does not take into account 

traditional carbon residues as intermediates, e.g. CO(ads). In light of this being the first 

application of SI-SECM to a complicated catalytic process, we accepted these 

observations. Nonetheless, we found utility for this model in order to correct our SI-

SECM H(ads) coverage measurements. In this case, the fitted kinetic model can work as a 

first approximation to obtain parameters necessary to estimate and subtract the 

uncertainties associated with the use of CV, e.g. time used for scanning, in the SI 

experiments.  
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Even a simple mechanism for the decomposition of HCOOH at the Pt substrate 

must incorporate the presence of the “formate”-like species as intermediates,47 as shown 

in Equations 3.6.1 and 3.6.2: 

 

(ads)(ads)
k COOHHHCOOHxS 1 ⋅+→+    (3.6.1) 

 

2(ads)
k

(ads) CO2)S(xHCOOH 2 +−+→⋅    (3.6.2) 

 

where S represents the sites available for adsorption; assuming that the “formate”-like 

species occupies 2 equivalent sites for hydrogen,22 then x = 3. Figure 3.17 shows the 

transposition of the H(ads) coverage values obtained from SI at different OCP into a 

typical transient like the one in Figure 3.12; a plot of  H(ads) versus time is obtained, from 

which kinetic parameters can be estimated. Based on Equations 3.6.1 and 3.6.2, the rate 

equations for the coverage of H(ads) and H·COO(ads) can be written as:  

 

][k]2[1'k
dt

d
F2

3
FH1

H θθθ
θ

+−−=     (3.6.3) 

 

    (3.6.4) 

 

where θH and θF represent the coverage of H(ads) and H·COO(ads) respectively and k1’= 

k1[HCOOH] has been used as a pseudo-order rate constant ; the site balance shown in 

Equation 3.6.5 has been used to express the free sites θS: 

 

 

dθF

dt
= k1'[1−θH − 2θF]3 − k2[θF]
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Figure 3.17. θH vs. time as obtained from SI-SECM and OC vs. t data, fit to model. 

θH points were transposed from raw coverage data in Figure 3.15 to the transient in 

Figure 3.12. Fit was obtained by assuming a Langmerian adsorption isotherm in which 

each HCOOH molecule requires three sites for decomposition and yields two sites 

occupied by H(ads). 
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θS = 1 - θH - 2θF       (3.6.5) 

 

The system of Equations 3.6.3 and 3.6.4 was solved through a finite difference 

method using the commercial software Mathematica 7. Two adjustable parameters, k1’ 

and k2, are required to obtain a fit, however, Equation 3.6.1 can reasonably be taken as 

the rate determining step, since the increase in θH with respect to time in an environment 

with an excess of HCOOH is slow, even at the beginning of the transient where θS should 

be close to unity; furthermore, the “formate”-like species may not be a long-lived 

intermediate. If k2 is made large, then the transient can be fit reasonably well up to the 

first 150 s by choice of only k1’. In the example shown in Figure 3.17, when k2 > 0.2 s-1, 

k1’= 0.011 site-2s-1 (k1 = 0.88 site-2s-1M-1) and the fit is only dependent on the value of k1’; 

this value represents only a lower bound if k2 is made large. This simple model however 

does not satisfactorily explain the deviations observed at longer times with higher  H(ads) 

coverage; the existence of more than one type of site in polycrystalline Pt, surface 

diffusion of  H(ads) and the interaction of already adsorbed hydrogen with incoming 

HCOOH molecules could play a role in further catalyzing  the decomposition of 

HCOOH. Figure 3.17 shows along with the original data, the fit to the proposed model.  

For the correction of the coverage values in Figure 3.15 we use a combination of 

adsorption rate estimations as well as observations about the behavior of the system 

during interrogation, these follow: 

1. When the SI is run at a sufficiently positive initial OCP of the Pt substrate, it is 

observed that the interrogation CV is equivalent to that of negative feedback in 

the absence of HCOOH, as shown in Figure 3.13. This indicates that when 

oxidized TMPD in the substrate-interrogator gap takes control over the OCP of 

the Pt substrate, HCOOH decomposition is negligible, else a large steady state 



 107 

current would be observed, as in the case of H2 oxidation at the Pt substrate 

(Figure 3.11). 

2. Experiments were run in order to monitor the OCP of the Pt substrate through the 

use of an external potentiometer while interrogation of UPD H(ads) with TMPD 

was carried out. Our results show that the OCP remains relatively negative-shifted 

until the peak in the SI scan is reached, where an abrupt change towards a positive 

OCP in the vicinity of the TMPD oxidation potentials is detected (e.g. 0.6-0.8 V 

vs NHE), indicating roughly that after the peak, the OCP of the Pt substrate is 

controlled by excess TMPD, which slows down the decomposition of HCOOH as 

explained in point 1.  

3. The peak in the SI curve is reached at different times (potentials for CV) for 

different measured coverage, so the time taken from the beginning of the scan to 

the peak is considered.  

4. Roughly half of the quantified amount is titrated by the time the peak in the SI 

scan is reached.  

5. A different coverage on the Pt substrate affects the rate of decomposition of 

HCOOH, as can be grasped by the shape of the OCP transients, Fig. 3.5.1 and 

3.6.1.  Table 3.1 shows the estimated adsorption rates of H(ads) at different initial 

measured coverage as obtained from derivation of the fitted curve in Figure 3.17.  

6. The decomposition rates (#5) were used to compute the error at each raw 

measured coverage θm assuming that the time required to reaching the peak of the 

SI scan (#3) is the time required to go from the initial measured coverage to half 

of this value (#4). At the beginning of the scan, where no activity of TMPD is 

observed, the correction is equal to the product of the time interval and the initial  
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Table 3.1. Estimated H(ads)  adsorption  rate and accumulated error for the corresponding 
measured coverage for the data in Figure 3.15.  

   
Measured  

Coverage / 

ML 

Estimated  

adsorption rate / 

MLs
-1 

Accumulated 

Error % 

0.1 1.5×10-2 100 
0.2 8×10-3 100 
0.3 7×10-3 96 
0.4 5×10-3 53 
0.5 3×10-3 45 
0.6 1.7×10-3 36 
0.7 1.4×10-3 28 
0.8 7×10-4 18 

0.9, 1.0 4.2×10-4 15 
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 rate of HCOOH decomposition at the measured coverage θm. After the peak, no 

correction is applied (# 1 and #2). The procedure is shown in Figure 3.18.  

 

Table 3.1 shows that the correction procedure yields very large errors for the low 

coverage values. This is expected since the free Pt surface shows high rates of adsorption 

(i.e. pronounced OCP change in the transient shown in Figure 3.12), thus the uncertainty 

between the beginning of the SI scan and the actual titration of H(ads) is determining. At 

higher measured coverage values, this uncertainty decreases since the time between the 

beginning of the scan and the titration of H(ads)  is less important in terms of the flatter 

OCP transient (the rate of adsorption is lower since less of the Pt surface is available). 

Figure 3.6.3 shows the corrected data from Figure 3.15. H(ads)  is detected in a potential 

region that is more characteristic of this species on Pt. The correction procedure also 

shows that our conclusion that H(ads)  adsorbs to a limiting value close (but less) to 1 ML 

of this species still holds well. 

 

3.7 OTHER EXAMPLES: H ABSORPTION AT PALLADIUM 

 

Palladium is known to involve both adsorption and absorption (into the bulk 

metallic phase) of atomic hydrogen.40-43 SI experiments with TMPD were conducted to 

evaluate the possibility of “titrating” this species by use of SI in the chronoamperometry 

mode2 (where the mediator is produced by a potential step rather than a scan and is better 

suited for very large amounts of titrated material). Figure 3.19 shows an example of an 

experiment in which a bright Pd electrode was dosed with hydrogen at reducing  
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Figure 3.18. Depiction of correction procedure for HCOOH decomposition.  

Values for θm were obtained by the SI technique, Figure 3.15. Rates of adsorption are 

taken from Table 3.1.  
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Figure 3.6.3.  θH versus OCP after correction of uncertainties.  

Correction obtained after applying the procedure depicted in Figure 3.18 with data from 

Table 3.1 and Figure 3.15. 
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Figure 3.19. SI-SECM of Adsorbed and Absorbed H at Pd.  

Pd dosed with adsorbed/absorbed hydrogen. Setup 2 is used in the chronoamperometry 

mode, Estep = 1.15 V for interrogator electrode. The Pd substrate was dosed by stepping 

for 3 s to selected potentials in 0.5 M H2SO4 + 0.5 mM TMPD. Inset shows a CV of such 

“bright” Pd electrode.  
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potentials for 3 s in each case; the inset of the figure shows the CV of this type of 

electrode in acidic media, which shows a poor electrochemical response for the oxidation  

of hydrogen species. The SI scans show a very clear and distinct titration response; we 

envision that our technique could be well suited for estimating the amounts of absorbed 

hydrogen in confined Pd based materials, such as thin layers.41 In any case, we make the 

point that the SI technique can be used for a wider variety of materials and purposes than 

the main topic discussed in this work. 

       

3.7 CONCLUSIONS 

 

The surface interrogation (SI) mode of scanning electrochemical microscopy 

(SECM) was shown to be a useful technique for the in-situ quantification of adsorbed 

hydrogen, H(ads), at polycrystalline platinum. This technique allowed to decouple the 

measurement of this adsorbate from the action of the Pt substrate through the detection of 

a positive feedback loop on an interrogator electrode placed at a close distance from the 

substrate, which rests at open circuit. The sensing mechanism is based on the production 

of an oxidized mediator at the interrogator electrode from a reversible redox species; this 

oxidized mediator can react with H(ads) at the Pt substrate and regenerate the reduced form 

of the mediator, which is collected by the interrogator electrode as long as the oxidation 

reaction proceeds at the substrate.  

TMPD was shown to be a satisfactory mediator for very acidic media, showing 

reversible and stable behavior while also presenting quantitative recovery of H(ads) and 

low electrochemical background in the absence of the adsorbate. Metal complexes 

however exhibited a high electrochemical background, which is assumed to derive from 
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their ability to oxidize the Pt substrate rendering their interrogating capabilities 

untrustworthy. A less oxidizing mediator, FcMeOH, shows a reasonable behavior at 

higher pH (e.g., pH=4) where TMPD can no longer be used due to its pH sensitive 

oxidation potential. 

The quantification of H(ads) was proved by interrogation of this adsorbate at 

different dosing levels on Pt achieved through UPD adsorption at the substrate. The SI 

quantifications agree well with the amounts dosed at high coverage, while they show a 

10% of a monolayer of H(ads) discrepancy at low coverage; this discrepancy was 

explained by the role that impurities of O2 can have on the Pt substrate upon potential 

bias. The decomposition of dissolved H2 by the Pt substrate and its interrogation showed 

that H(ads), in this case, product of a catalytic reaction, could be  detected. 

The decomposition of formic acid on Pt, a slow catalytic reaction that has been 

assumed to produce H(ads) in unclear amounts, was chosen as a model system to probe the 

quantification capabilities of the SI mode with TMPD as mediator. This reaction shows a 

transient decay of the open circuit potential of the Pt substrate; the use of the SI technique 

at different potential limits of the OCP at the Pt substrate revealed an increasing amount 

of adsorbate until reaching both a potential and quantification limit at ≈ 0.22 V vs NHE, 

at which an amount close to 1 ML of H(ads) was quantified. The quantification of the 

adsorbate depended on the OCP of the Pt substrate at the time of interrogation and, was 

independent of the path taken to arrive at a given OCP value; O2 was shown to consume 

the adsorbate and displace the OCP of the substrate to more positive values. Such 

reversible behavior, along with the observed limiting coverage, the possibility of forming 

H(ads)  from HCOOH and reports of this process in other systems such as the gas/metal 

interface, suggested the identification of the adsorbate as  H(ads), however we cannot rule 
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out the participation of other hydrogenated intermediates. TMPD was shown not to react 

with nor quantify CO(ads). Experimental possibilities with Pd are suggested.    
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Chapter 4. The reaction of Adsorbed Carbon Monoxide on Platinum 

with Electrogenerated Bromine 

 

4.1 INTRODUCTION  

 

We studied the reaction of bromine, Br2, with adsorbed carbon monoxide, CO(ads), 

on polycrystalline platinum in aqueous 0.5 M H2SO4 to yield CO2 and Br- by the recently 

introduced surface interrogation1 mode of scanning electrochemical microscopy (SI-

SECM).2,3 In this technique, a “titrant” is electrogenerated at a tip in close proximity to 

the surface under investigation, thus allowing the in-situ detection and quantification of 

adsorbed intermediates at the solid-liquid interface. We demonstrate its utility for the 

evaluation of a new reaction, where Pt not only acts as a support for CO(ads) but also as a 

heterogeneous catalyst that promotes the oxidation process.        

The adsorption and electrochemical oxidation of CO on Pt, both on single-crystal 

and polycrystalline surfaces, have been widely studied4,5 by electrochemical techniques6-9 

and their combination with Raman and IR spectroscopy.10-12 A part of the interest in these 

studies is driven by the identification of CO(ads) as an important blocking intermediate 

(i.e. a poison) in the oxidation of short chain alcohols and organic acids,13-17for their use 

in the anode of fuel cells.4,5,18 Studies of the electrochemical oxidation of CO(ads) on Pt 

have traditionally been carried out by scanning or stepping an electrode into the oxidizing 

potential regime where the formed OH.
(ads) radical, or more properly oxygenated species 

like OH(ads) or O(ads) on the Pt surface, are proposed to transform CO(ads) into CO2.
7,11,19 

With the SI-SECM technique at hand, we sought to find a tip-generated reactive 

substance that could achieve this transformation in the hope of providing new strategies 
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for its quantification in catalytic systems, and perhaps for the removal of this strongly 

adsorbed intermediate. The use of halogens (X2) is a good starting point since they are 

good oxidizing agents and their dissociated products, i.e. X. radicals, can react with 

organic species; the reactive Br. radical is of particular interest since its precursor, Br2, 

can be electrogenerated at a SECM setup,20,21 and its oxidizing properties are comparable 

to those of OH.
(ads).

22   

 

4.2 EXPERIMENTAL  

 

For the implementation of the Surface Interrogation mode it is necessary to 

approach two small electrodes to distances were SECM feedback effects are observable. 

Here two ultramicroelectrodes (UME), one acting as an interrogator tip and the other as a 

substrate, were concentrically aligned and separated by a gap of ca. 1-2 µm through 

techniques described previously (see Chapter 2). Both ultramicroelectrodes were 

fabricated from Pt microwire of 25 µm in diameter (99.99% Pt, from Goodfellow, Devon, 

PA) and exposed a polycrystalline Pt end at the tip; RG in both cases was approximately 

2.2  All solutions used for electrochemical measurements in this study consisted in an 

electrolyte of 0.5 M H2SO4 (94%-98%, trace metal grade, Fisher Scientific, Canada) in 

de-ionized water from a Milli-Q water system and were degassed and constantly kept 

oxygen-free with Argon (Praxair, Danbury, CT). 1 mM potassium bromide (Aldrich, 

Milwaukee, WI) was used as starting reagent for the production of bromine at the tip; Pt 

was chosen as the tip material since bromine can attack chemically other surfaces such as 

gold or carbon. At the platinum surface, Br2 is generated electrochemically (E0 = 1.08 vs. 

NHE,23 this study: E1/2 = 1.18 V vs. NHE) through equation 4.2.1: 
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 e2Br2Br 2
tipPt

+ →−
      (4.2.1) 

The positioning of the electrodes could be achieved by use of this reaction, in 

which case the tip could be approached by oxidizing bromide at diffusion limited rate ET 

= 1.35 V vs. NHE while the Pt substrate could oxidize it at ES < 0.7 V vs. NHE. All 

potentials in the text will be referred to NHE, although experiments were carried out 

using a Ag/AgCl reference electrode (0.197 V vs. NHE) from which chloride leaking was 

prevented by the use of a 3% agar-agar (purified grade, Fisher Scientific, Fair Lawn, NJ) 

+ 0.3 M NaClO4 salt bridge (silver chloride (99+%,) silver wire (99.9%) and  sodium 

perchlorate (99%) from Aldrich, Milwaukee, WI).   

Once the electrodes were positioned, the solution inside of the SECM cell could 

be replaced by a desired one; the cell could be rinsed as well to remove certain species. 

This operation was carried out with care in order to avoid disturbing the positioning of 

the electrodes; it was also done with previous knowledge through a calibration (with 

ferrocenemethanol as mediator) that replacing the solution did not change the alignment 

of the electrodes if done without touching any part of the setup, i.e. only by sucking the 

liquids in the cell and replacing them with others. During all these operations, the Ar 

saturation of the cell and of all solutions was ensured.  

After the electrodes were aligned by means of the Br-/Br2 couple, the cell was 

rinsed with Ar-purged 0.5 M H2SO4 solution three times in preparation for CO SI-SECM 

experiments. In the last rinse a “cleaning” CV was run between the H(ads) and O(ads) 

regions (e.g. 0 V to 1.2 V vs. NHE) to a reproducible “steady state” voltammogram, i.e. 

adsorption features did not change appreciably. The H(ads) region in the last 

voltammogram was used for calibration of the surface area. The solution was then 

replaced by Ar-purged 0.5 M H2SO4 saturated with gaseous carbon monoxide (CO 
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research grade from Specialty Chemical Products, South Houston, TX); the saturation 

was performed in the fume hood (WARNING: CO bubbling should always be carried out 

in the fume hood and in the presence of a working CO detector outside of it. CO gas is 

poisonous and may be lethal, however the use of small volumes of CO saturated solution, 

e.g. 2 ml, is relatively safe as long as it is used with caution) and the resulting solution 

was transported quickly in an Ar-purged and air-tight vial to the SECM setup.   

In the presence of the CO saturated solution, the Pt substrate was held at an 

admission potential of 0.3 V vs. NHE for 5 minutes in order to ensure the saturation 

coverage of CO. After this, the Pt substrate was brought to open circuit and the solution 

was replaced with CO-free 1 mM KBr in 0.5 M H2SO4. Before running the SI-SECM 

scan, it was necessary to rid the tip from CO adsorbed onto it; this was done by holding 

the tip for 20 s at 0.95 V, potential at which it was previously determined that stripping of 

CO was possible while no production of Br2 is still observed. The SI-SECM tip scans 

were then run by CV in an appropriate potential range, typically from 0.95 to 1.35 V vs. 

NHE to produce Br2 (ν = 10 mV/s or 20 mV/s) and the appropriate response was 

recorded. CO quantification was achieved by subtraction of the negative feedback scan 

(e.g. a second scan after CO was consumed in the first scan) and baseline corrected 

integration of this signal. CO(ads) amounts were compared to those of H(ads) UPD.  

Experiments of CO adsorption in the presence of a cyanide adlayer were done by 

allowing a 1 mM solution of NaCN (Aldrich, Milwaukee, WI) in de-ionized water to 

contact the substrate electrode for 5 minutes followed by three successive rinses with Ar-

purged de-ionized water to rid the cell of cyanides (WARNING: contact of cyanide 

residues with acidic solution may result in the production of HCN which has adverse 

effects on human health); the solution was then replaced by acidic CO saturated solution. 
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Experiments with a large electrode were also performed to test the homogeneous 

reactivity of Br2 with CO in solution. A Pt electrode with a diameter of 2.1 mm was used 

to run CV between 0.8 V and 1.3 V vs. NHE at ν = 20 mV/s; the solution consisted of 0.5 

M H2SO4 with 1 mM KBr and with or without gaseous CO bubbled into the solution.       

 

4.3 QUANTIFICATION OF CARBON MONOXIDE 

 

Figure 4.1 shows schematically the SI-SECM mode for the production of Br2 

from bromide, Br- (initially present in solution), and its reaction with CO(ads) at the Pt 

substrate. We assume the overall reaction of Br2 with CO(ads) at the Pt surface proceeds 

according to the chemical reaction in Equation 4.3.1: 

 
 +− ++→++ 2HCO2BrOHCOBr 2

Pt
2(ads)2   (4.3.1) 

Reaction 4.3.1 regenerates the initial bromide anion, Br-, which produces a 

transient positive feedback loop24 at the interrogator tip as long as there is CO(ads) to react 

with. This transient positive feedback loop produces an increase in the current at the 

interrogator tip due to an enhanced diffusive flux of Br- that is allowed because of the 

proximity of the Pt substrate to the tip.2 The transient positive feedback that is observed is 

bounded by the electrochemical window determined by the negative feedback (NF) and 

positive feedback (PF) CV scans obtained when the tip and the substrate are aligned and 

set apart at a small distance, e.g. 1-3 µm away when the tip radius a = 12.5 µm.  The NF 

scan is obtained through a blank experiment with the Pt substrate at OC and with no 

CO(ads), while the PF scan is obtained in a blank experiment with the Pt substrate set at a 

potential where it can reduce Br2 electrochemically at its maximum rate. The Br-/Br2 
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Figure 4.1. Depiction of feedback in SI-SECM of CO(ads) titrated with Br2.   

Bromine, Br2, is electrogenerated at the tip from Br- (present initially in solution). Br2 

reacts with CO(ads) at the substrate (resting at open circuit) to produce CO2 and 

regenerate Br-.  
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 system, although involving the transfer of 2e, showed good characteristics, i.e. a large 

electrochemical window with high gain on positive feedback and low background on 

negative feedback (compare iT,lim,NF ≈ 2 nA to iT,∞ ≈ 8 nA) shown in Figure 4.2. The low 

background on the negative feedback scan observed with the use of the oxidizing 

bromine species contrasts with other oxidizing mediators, as discussed in Chapter 3, and 

is possible that this species does not cause appreciable oxidation of the Pt surface, e.g. by 

suppressing the formation of PtOH or PtO.  

Figure 4.3 shows a SI result of in the CV mode of a platinum electrode dosed with 

CO(ads) and its comparison to the negative and positive feedback CV scans. Consumption 

of the adsorbate causes the response of the interrogator tip to decay to NF as it is 

expected from the SI-SECM theory. The SI scans revealed a response that consisted of 

two peaks, often merging into a single peak with a shoulder, as shown in Figure 4.4 when 

slower scan rates were used. This may be indicative of mechanistic differences at 

different timescales; indeed the path of the SI-SECM scans did not follow the PF scan as 

well as in other examples, such as oxides (Chapter 2) or hydrogen on Pt (Chapter 3). A 

discussion on the mechanism of the reaction is given in section 4.4.  The SI-SECM 

response however, as evidenced in Figure 4.3, is well bound in the electrochemical 

window provided by the Br-/Br2 couple feedback, which is the expected for the SI-SECM 

response; small discrepancies can be observed in the region between 0.9 and 1.1 V, 

however they can be attributed to small amounts of CO(ads) residues on the interrogator tip 

rather than a response caused by the substrate.     

 Independent of shape, the quantification of the amount of adsorbate was 

consistent in all runs. This was done by integration of the SI scans to yield the reacted 

charge of the adsorbate, which we compared to the charge for the under potential 

deposition of hydrogen on Pt25 for a series of experiments, at the two representative scan  
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Figure 4.2. Comparison of NF and PF scans of the Br-/Br2 couple on Pt.  

Solution is 0.5 M H2SO4 + 1 mM KBr, d~2 µm; both tip and substrate are Pt with a = 

12.5 µm and RG ~ 2. Tip ν = 20 mV/s. NF, substrate at open circuit; PF, substrate at 0.95 

V vs. NHE.  
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Figure 4.3. SI-SECM of CO(ads) on Pt titrated with electrogenerated Br2.  

Solution is 0.5 M H2SO4 + 1 mM KBr, d~2 µm; both tip and substrate are Pt with a = 

12.5 µm and RG ~ 2. Tip ν = 20 mV/s. NF, substrate at open circuit; PF, substrate at 0.95 

V vs. NHE. Substrate in SI scan was predosed with CO saturated 0.5 M H2SO4 solution 

(KBr-free) at an admission potential of 0.3 V vs. NHE for 5 minutes. SI scan with Pt 

substrate at open circuit.  
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Figure 4.4. SI-SECM of CO(ads) on Pt titrated with electrogenerated Br2, different ν.   

Solution is 0.5 M H2SO4 + 1 mM KBr, d~2 µm; both tip and substrate are Pt with a = 

12.5 µm and RG ~ 2. Tip scan rate as indicated. Substrate was pre dosed with CO 

saturated 0.5 M H2SO4 solution (KBr-free) at an admission potential of 0.3 V vs. NHE for 

5 minutes. SI scans with Pt substrate at open circuit.  
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rates shown in Table 4.1. We can provide now a quantitative comparison based on the 

relative amount of H UPD and found CO(ads) in our experiments. The accepted value for 

the coverage of UPD Hydrogen on polycrystalline Pt is 210 µC/cm2;25 Lopez-Cudero has 

reported for the saturation coverage of CO in the presence of chlorides on polycrystalline 

Pt a typical value of 291±3 µC/cm2.26 By these numbers, it would be expected that a 

comparison of the obtained H UPD charge, QH, to the obtained SI-SECM CO(ads) charge 

QCO be QCO/QH = 1.38(±1%). Table 4.1 shows that the SI-SECM result is lower than 

expected on these arguments at both scan rates; using all available data, our obtained 

value is QCO/QH = 0.94(±6%). This result is low, however reasonable for the first 

application of the technique; in fact most θCO measurements vary between 0.6 and 0.9 

depending on the technique27,8 and comparison standard (in our case, θCO~0.47 if 

compared to QH and assuming 2e transferred per CO). Mechanistic explanations (section 

4.4) could account in part for the loss in recovery. Losses in the saturation coverage have 

also been discussed in terms of equilibration of CO(ads) with CO in solution although in 

the case of Pt(111) Offer and Kucernak8, who found θCO,max~0.68 (in contrast to 

previously reported θCO,max~0.75 values), found that neither spontaneous desorption of 

CO nor reaction with traces of O2 accounted for losses more than 1.24% of a monolayer 

(ML) per hour. Bromide is known to adsorb on Pt,22,23 to values up to the range 0.4 to 0.5 

ML27 and it is possible that strongly adsorbed traces of it may block certain sites for 

CO(ads), however unlikely this may seem in terms of CO being much more strongly 

adsorbed than other halides26 and because the Pt electrode was “pre-cleaned” before the 

CO adsorption. Traces of bromide adsorption may be responsible for small features in the 

NF scans nonetheless, as shown in Figure 4.3. A last possibility could reside in the 

selection of the admission potential, which was set in all experiments to 0.3 V; it has been 
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Table 4.1.   Quantification of QCO on Pt by SI-SECM and comparison to QH obtained by 
CV in blank conditions.   

Experiments 

 

Interrogator tip scan rate = 

20mV/s 

Interrogator tip scan rate = 

10mV/s 

QCO(nC) QH(nC) QCO/QH QCO(nC) QH(nC) QCO/QH 

1 10.24 9.652 1.06 8.843 9.652 0.92 

2 8.592 8.843 0.97 8.132 8.843 0.92 

3 7.256 8.843 0.82 8.237 8.843 0.93 

4 8.277 8.734 0.95 8.502 8.980 0.95 

 Average  

QCO/QH: 

0.95 

Standard  

Deviation: 

0.09  

Average 

QCO/QH: 

0.93 

Standard  

Deviation: 

0.014  
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suggested that the optimum potential range for adsorption of CO on Pt(100) is E < 0.3 V 

vs. RHE and for Pt(111) and Pt(110) E < 0.25 V,28 with the potential used in our 

experiments being borderline yet situated the closest to the double layer region of Pt 

where adsorption of H(ads) and O(ads) can be minimized.     

 

4.4 MECHANISTIC ASPECTS OF SI-SECM OF CARBON MONOXIDE 

 

In reaction 4.3.1 we assumed that CO is oxidized to CO2; since we obtain the 

transient feedback characteristic of SI-SECM scans, we should also assume that Br- is a 

product of the reaction that allows for the transient signal. In this section we will then 

propose a mechanism for such transformation and the evidence for it. A possible route for 

the oxidation of CO(ads) by Br2 is shown in Equations 4.4.1 to 4.4.3: 

 
 

 (ads)
substratePt

2 2BrBr ⋅ →       (4.4.1)  

        

 2
substratePt

(ads)(ads) OCBrCO2Br  →+⋅     (4.4.2) 

 

 +− ++→+ 2HCO2BrOHOCBr 222    (4.4.3) 

 

The product of reaction 4.4.2, OCBr2 or “bromophosgene” (an analog of the 

notorious phosgene OCCl2), has been reported29-31 (but also debated)32 to be the product 

of a photosensitized low yield reaction of Br2 and CO in the gas phase in the absence of 

catalyst, where the radical-forming reaction 4.4.1 proceeds through photochemical 
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excitation. In our experiment, the Pt substrate provides a catalytic surface where reaction 

4.4.1 happens more readily. The hydrolysis process in reaction 4.4.3 is 

thermodynamically allowed and suggested to occur at high altitude in the atmosphere33 

and provides the Br- necessary for the transient positive feedback as well as a source of 

oxygen for the production of CO2.  

If CO is not supported on Pt and only dissolved in solution, Br2 is unable to 

oxidize it. We studied the reaction between CO and Br2 in acid solution (0.5M H2SO4) 

using a single large Pt (2.1 mm in diameter) electrode. The large Pt electrode was 

immersed in 0.5 M H2SO4 with 1 mM KBr solution, Ar-purged and then saturated with 

gaseous CO. Afterwards, cyclic voltammetry was carried out by holding the potential for 

20 s at 0.6 V and then scanning from 0.8 V to 1.3 V vs. NHE at ν=20 mV/s. Figure 4.5 

shows a comparison between the case with and without CO dosing. The result shows that 

the presence of CO in solution does not prevent the surface of Pt from oxidizing electrode 

Br- to Br2 (which is an important characteristic for the interrogator electrode), but 

furthermore, that the produced Br2 does not react with CO in solution either as there is 

only a weak indication of a catalytic effect in the CV response of the Pt electrode, which 

otherwise would be reflected in the shape of the voltammogram showing a larger peak or 

a plateau current indicative of a homogeneous catalytic process.23 A second SI 

experiment involved the co-adsorption of CO and cyanide (CN-) on the Pt UME 

surface.34 A cyanide covered Pt UME was used to limit the amount of CO(ads) at Pt in 

order to verify its reaction with Br2, as shown in Figure 4.6 where the background 

subtracted responses are plotted for the case where only CN- is present, when co-

adsorption is present and when no CN- was added;. The SI-SECM results show that with 

CN-, the adsorption of CO is partially blocked, and furthermore, that despite the 

isoelectronic nature of CN- and CO, their reactivity with Br2 differs. This suggests that  
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Figure 4.5. Effect of CO on the oxidation of Br- on a Pt macroelectrode.  

Cyclic Voltammetry of a large Pt electrode (2.1 mm in diameter) in 0.5 M H2SO4 with 

1mM KBr. With (purple) and without (orange) CO bubbled in the solution.  ν = 20 mV/s. 

Quiet time 20 s at 0.8 V vs. NHE.  
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Figure 4.6. SI-SECM of CO(ads) on Pt coadsorbed with CN-.  

Solution is 0.5 M H2SO4 + 1 mM KBr, d~2 µm; both tip and substrate are Pt with a = 

12.5 µm and RG ~ 2. Tip ν = 10 mV/s. Substrate was predosed with CO saturated 0.5 M 

H2SO4 solution (KBr-free) at an admission potential of 0.3 V vs. NHE for 5 minutes. SI 

scans with Pt substrate at open circuit. Pre-adsorption of cyanide was done by immersion 

in aqueous 1 mM NaCN in water for 5 minutes; in the case of the orange curve, this was 

done before dosage of CO. Purple curve, no cyanide immersion.   
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the formation and decomposition of OCBr2 is an important step in the reaction scheme or 

that CN- blocks sites for the dissociation of Br2 in a way that CO does not. In Equation 

4.4.2 we have already stated implicitly that Br2 reacts with CO through a Langmuir - 

Hinshelwood mechanism (both reactants are adsorbed) rather than an Eley-Rideal 

mechanism (one reactant adsorbed and the other in solution, e.g. CO(ads) + Br2(aq)) which 

draws certain parallelism with the proposed mechanism for oxidation of CO by 

electrogenerated OH species.35   

A final bulk experiment was carried out in order to identify CO2 as the end 

product of the reaction. A beaker with 10 mmol of Br2 in 100 ml of Ar-purged 0.5 M 

H2SO4 was bubbled with CO through an inlet where Ar was also continuously passed; Pt 

black was later on added as a catalyst. The outlet of the beaker was connected to a 

container with 100 ml of a saturated and thoroughly Ar-purged solution of Ba(OH)2 

(transparent when originally prepared with CO2-free water). The production of CO2 from 

reaction 4.3.1 when passed on the Ba(OH)2 solution should yield a white precipitate of 

BaCO3 as shown in Figure 4.7 panel A. The control experiment, in which no Pt black was 

added, showed only cloudiness in the Ba(OH)2 solution after 5 min of CO bubbling. This 

is attributed to small impurities of CO2 in the CO feed. When Pt black was added to the 

reaction mixture and the system bubbled for the same amount of time with CO, an 

abundant precipitate of BaCO3 was observed in the Ba(OH)2 solution as shown in Figure 

4.7 panel B. The precipitate was filtered and identified as the carbonate through the 

“carbonate-acid test” where the addition of dilute sulfuric acid releases CO2 bubbles. The 

addition of a 20 mM solution of AgClO4 in water to the residue of the reaction mixture 

showed the precipitation of whitish-yellow AgBr, which also supports Br- as an end 

product. The series experiments lead to a conclusion that strongly adsorbed CO on Pt can 

be oxidized to CO2 by Br2 through the catalytic action of the substrate (WARNING:  
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Figure 4.7. Photographs of CO2 collection by precipitation of BaCO3.  

(A)Comparison of the effect of bubbling CO (left) and CO2 (right) on an Ar-purged 

aqueous saturated solution of Ba(OH)2. (B) The gases produced by the reaction of 

aqueous Br2 bubbled with a mixture of Ar + CO were passed over the flask with Ba(OH)2 

solution; CO2 produced by the reaction caused the solution to become turbid and then to 

precipitate BaCO3 (powder at the bottom of the flask and on the tip of the bubbler), the 

yellow color is due to fumes of Br2 that reached the collector flask during the reaction.    

(A) 

(B) 
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because of the possibility of forming “bromophosgene” OCBr2, these experiments were 

performed at all time under the hood and extensive Ar purging of the reaction products 

was allowed after conclusion; bromophosgene is unstable in basic solution, so the 

Ba(OH)2 trap works in double purpose).    

A complete explanation of the complex SI-SECM shape of the scans, Figures 4.3 

and 4.4, is beyond the scope of this introductory study. Qualitatively it can be grasped 

that kinetic complications in the SI-SECM scans were to be expected considering the 

possible interplay of adsorbed species. CO(ads) at high coverage is known to be less 

strongly adsorbed than at low coverage as a result of repulsive interactions between 

neighboring molecules; furthermore, at saturation coverage different species of CO 

coexist, for instance, at the Pt(111) surface approximately 1/3 of the CO adsorbs at atop 

sites while 2/3 adsorbs in three-fold hollow sites.27 CO(ads) may indeed have different 

reactivity towards bromine at different coverage and sites (or may be limited by surface 

diffusion). Adsorption of bromide has also been shown to modify the reactivity of CO(ads) 

by making it more stable, i.e. less prone to electrochemical oxidation, although this may 

be due to the blocking of sites for adsorption/formation of OH(ads).
36

 The chemistry of the 

Br-/Br2 redox pair itself may play a role in the proposed mechanism, where the formation 

of the tribromide ion, Br3
-, has been disregarded. The nature of the “bromophosgene” 

OCBr2 species is also of importance to describe entirely the mechanism. If this species is 

released into solution, its overall first order decomposition rate constant for hydrolysis 

(Equation 4.4.3) should be fairly high, kdecomp > 2×103 s-1, for it to feed back the 

necessary Br- to detect the reaction with a high collection efficiency (calculated using D 

~ 1×10-9 m2/s and kdecomp ~ 2D/d2 where d ~ 1µm is the tip-substrate distance and the 

SECM transit time between the electrodes is being used as a half-life for the hydrolysis 

reaction). If this hydrolysis reaction is localized at the substrate as a result of adsorption 
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of “bromophosgene”, then the collection efficiency may not be an issue, however the 

shape of the SI-SECM scan may be dependent on the relation between the scan rate of the 

tip (kinetics of generation of Br2) and the rate of hydrolysis of this product.     

    

4.5 CONCLUSIONS  

 

In conclusion, the SECM Surface Interrogation technique was successfully used 

to detect and quantify CO(ads) on a Pt electrode by reaction with electrogenerated Br2. The 

two-electrode setup used in this new technique allowed to produce Br2 on an interrogator 

tip which reported a transient positive feedback loop as indication of the reactivity of this 

halogen with CO(ads) on a Pt substrate. The establishment of the transient positive 

feedback, which is shown to coincide with the behavior of the Br2/Br- couple under blank 

conditions, suggests that an end product of the reaction is Br-. CO(ads) under saturation 

conditions was reproducibly quantified at the Pt surface and calculated to be θCO = 0.5 

which is a reasonable result, although mechanistic details about the appearance of two 

distinct peaks in the SI scans are still to be elucidated. The reaction is shown to be 

blocked by the action of pre-adsorbed cyanide which demonstrates the surface character 

of the process. The formation of CO2 as an end product was further tested in a bulk 

experiment: the addition of Pt black to a mixture of Br2 in 0.5 M H2SO4 through which 

CO was bubbled in the absence of O2, gave a precipitate of BaCO3 on a saturated solution 

of Ba(OH)2. The use of the Surface Interrogation mode of SECM gave us access to study 

a reaction that to the best of our knowledge has not been reported to be catalyzed at a Pt 

support, a finding that would otherwise be difficult to prove on conventional 

electrochemistry on a single electrode. 
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Chapter 5. SI-SECM Kinetic Characterization of Pt Oxides 

 

5.1 INTRODUCTION  

 

The effect of electrode surface oxidation on the rate of apparently outer sphere 

electrode reactions (e.g. R → O + nē) has long been of interest.   In such cases, at least 

two routes are possible:  (1) reaction of the oxide directly with R and (2) tunneling of 

electrons from R through the oxide.  It is difficult to address this problem with the usual 

electrochemical methods, but we show here that surface interrogation scanning 

electrochemical microscopy (SI-SECM)1-3 can be readily used for such studies.  In 

particular we discuss the determination of the chemical rate constants of reaction for a 

reduced form of a redox mediator (methyl viologen+, Ru(NH3)6
2+, Fe(II)[EDTA]2- and 

Fe(CN)6
4-) with Pt oxides formed under mildly anodic conditions (e.g. < 1.5 monolayers 

of ”adsorbed O” as PtO). We further correlate the rate constants obtained with the 

energetics of the reaction and show that this path can be the predominant one for 

oxidation. The feedback mode of SECM, operating at steady state, can be used for 

measuring the kinetics of chemical and electrochemical processes. An SECM tip, which 

consists of an ultramicroelectrode (UME), interrogates a substrate at µm distances and is 

usually used to measure a steady-state current produced by the electrolysis of a redox 

mediator present in solution. When the UME is close, this current is a function of the 

activity of the substrate.4,5 SI-SECM uses transient feedback as a means of measuring the 

amounts and kinetics of adsorbed reactants on the electrodes.  In this study we use both 

steady-state and transient SECM measurements to evaluate the reactivity of Pt oxides.  
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Figure 5.1 is a schematic diagram of the methodology used in this study for a 

typical system in which an SECM tip with a metallic disk of radius a = 12.5 µm (RG~ 2-

3, where RG = rg/a and rg is the length of the flat end of the tip) is aligned to a substrate 

with radius b = 25 µm at a distance d < 3 µm; Figure 5.1 panel (A) depicts the kinetic 

characterization of the reaction of chemisorbed oxygen at the Pt substrate with an 

electrogenerated, reactive mediator produced at an SECM tip. As described earlier,1 the 

first step for the implementation of SI-SECM consists of the generation of a limited 

amount of oxide at the Pt substrate, which is followed by the opening of the circuit for 

this electrode. This operation allows the study of the chemical reactivity of the formed 

oxide by the SECM tip; in this case, the tip generates a reducing agent R, from a species 

O in solution. This electrochemical reaction produces a measurable current at the tip. R 

diffuses to the substrate and reacts with the oxide, Equation 5.1.1 for PtO (a 2ē process), 

thus regenerating O, which increases the flux of this species to the tip and in turn, 

transiently produces a larger current.  
 

 (5.1.1) 

This feedback cycle continues until all of the Pt oxide is consumed and the current 

at the tip decays to a background level. If the titrant R is generated in a linear potential 

sweep across the appropriate potential range for the O/R pair, the response will be a curve 

similar to the ones shown schematically in Figure 5.1 panel (A). The kinetics and 

mechanism of the reaction, characterized by an overall reaction constant kSI, will 

determine the shape of the response curve; fast reactions will give sharp curves that decay 

quickly (E is a function of time) compared to slower ones. The mechanism and rate 

OHPt2O2H  PtO  2R 2++→++ + SIk
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Figure 5.1. Schematic diagram (not to scale) of the system used to study oxide reactivity 
with mediators by transient and steady state feedback. 

 (A) SI-SECM used to evaluate the open circuit chemical reactivity of Pt oxide. The tip 

“titrates” the oxide through a potential scan; sharper feedback curves indicate higher 

kinetics of reaction for the mediator with the oxide. (B) SECM in the feedback mode can 

be used to evaluate the steady state electron transfer across the oxidized Pt; two routes are 

possible:  an electrochemical one with rate rel, and a chemical one, with rate rchem.  
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constants can then be obtained by comparison to digital simulation of this transient 

response. We demonstrate in this study how the kinetics of reaction change in response to 

differences in the driving force of the process, i.e. the reducing power of the mediator.   

A great advantage of the SECM over other electrochemical techniques is that it 

allows decoupling of the analytical measurement from the operation of the substrate;4 this 

case is depicted in Figure 5.1 panel (B). Here, the SECM tip generates the reduced 

species R at steady state while the substrate is biased to a potential at which it generates 

an oxide layer. At sufficiently positive potentials the substrate will regenerate O by 

oxidizing R, thus providing a feedback current at the tip.4 Changes in the kinetics of this 

oxidation reaction, which may be brought about by the formation of oxide, can be 

followed through measurement of the tip current, which is a reflection of how fast the 

substrate is feeding back oxidized mediator, O.6-8 Notice that the measurement of the 

oxidation rate is done in-situ and at the desired potential of the substrate, in contrast to 

conventional single electrode measurements where the potential of the substrate would 

otherwise be changed to measure charge transfer kinetics of a redox mediator. By 

combining measurements done with the SI-SECM and feedback modes we propose that 

under certain conditions, the steady state substrate response can be described by a 

combination of chemical and electrochemical routes (rchem and rel respectively in Figure 

5.1 panel (B) for the oxidation of R, rather than a purely electrochemical path. The 

measurement of chemical processes at steady state with the SECM has been exploited 

since the introduction of the technique;9-12 and integrated approaches exist for the 

determination of substrate kinetics for combined electrochemical and chemical systems 

such as self assembled monolayers.13,14 Our approach uses information obtained through 

transient measurements to decouple the possible contributions of the chemical route from 
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those of the electrochemical route, as depicted in Figure 5.1 panel (B), in an 

electrocatalytic system.  

A particularly interesting case in the study of the oxidation of species on oxide 

covered Pt electrodes is the observation that the electrochemical response for some 

processes, as evaluated from the heterogeneous rate constant for electron transfer, is 

decreased upon oxide formation.15 Thick oxide passive layers on valve metals are known 

to act as insulating barriers for electron transfer;16,17 the decrease in the rate constant due 

to such layers can often be modeled in general terms according to Equation 5.1.2:  

 

 khet,eff = khete
-βx       (5.1.2) 

 

where khet,eff is the effective rate of electron transfer across the insulating layer of 

thickness x; khet is the constant for electron transfer in the absence of insulating layer and 

β is the tunneling constant (typically taken as ~1.1 Å-1, although smaller values have also 

been reported).13,18 Pt oxides decrease the rate of inner-sphere electrochemical reactions, 

such as the oxidation of hydrogen or alcohols or the reduction of protons or oxygen,19 

where competitive adsorption plays a major role in the reaction mechanism.20,21 In other 

processes, such as the oxygen evolution reaction (OER), the formation of these oxides is 

central to the mechanism of reaction, and determining the effect of adsorbed oxygen is 

clearly of interest.20-23 A limited number of reports exist on the effect of Pt oxides on 

outer-sphere reactions, e.g. the oxidation of Fe(II) and As(III)15 or  Ce(III) and Mn(II) 

species,24 or Fe(CN)6
4-,25,26 where the participation of chemisorbed oxygen on the 

reduction mechanism was proposed, although no direct study of it was made. Our initial 

observations on the reactivity of Pt and Au oxides through the SI-SECM technique,1 

where reaction of the oxide with an in-situ electrogenerated redox mediator produces a 
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transient feedback response, motivated us to explain further the impact of the Pt oxide 

reactivity on the shape of the obtained tip electrochemical responses.   This information 

can be used to explain the decrease in reactivity observed with certain mediators, like 

Fe(II/III)[EDTA], at different stages of oxide formation on Pt. In a larger context, the 

introduction of this in-situ SECM methodology to long-standing topics in electrocatalysis 

such as the higher-valence oxide mediation of the OER in metal oxides (e.g. IrO2, RuO2 

or Co3O4)
27,28 would be especially useful; such in-situ measurements are still being 

developed and combined with new and powerful methods of characterization.28,29 In this 

study, we thus provide a first example of the capabilities of SECM in this research area 

with a simpler system.    

 There is a large body of literature on Pt oxides and adsorbed oxygen on Pt.  

Studies of the electrochemical reactivity of Pt oxides formed at different stages of 

anodization have been proposed based on the shape of the surface reduction response 

observed in cyclic voltammetry,30,31 where electrochemical irreversibility is observed 

after the initial formation of a reversible oxide. This irreversibility has been ascribed to 

the formation of a “place exchanged” oxygen species, i.e. oxygen buried into the surface 

layers of Pt.  32,33 The characterization of the structure of surface Pt oxides however is 

challenging and still not well understood, even at single crystal electrodes.20 In fact, there 

is no general agreement on the type of species of which Pt oxide consists; early CV 

studies suggested that PtOH and place exchanged OHPt were the relevant species in the 

initial stages of oxide formation.30 Other measurements done ex-situ such as XPS and 

Auger spectroscopy suggest the formation of anhydrous PtO in varying amounts.34,35 For 

example, electrochemical quartz microbalance studies claim that 0.5 monolayer (ML) of 

PtO (2ē per equivalent) are formed rather than 1 ML of differently coordinated PtOH (1ē 

per equivalent)36 for the first monolayer.  
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In this study we will focus on the < 2 ML PtO, i.e. equivalent to <880 µC/cm2, or 

to roughly 4 times an adsorbed hydrogen ML, QH (210 µC/cm2).   Thus we assign θOX = 

1 (1 ML) at QOX = 2QH (formally PtO) and 2 ML (θOX=2 at QOX = 4QH) (formally 

PtO2).
32 CV studies have suggested that changes in the kinetics of reduction start when 

forming ~ 200 µC/cm2 (θOX ~ 0.5) (formally PtOH); these observations are also 

complemented by changes in ellipsometric parameters at that coverage.30  LEED studies 

performed ex-situ suggested that the place exchange process starts in the range 200-300 

µC/cm2.37 In-situ X-ray techniques  also revealed morphologic changes at specific 

coverage, although identification of the involved species (i.e. adsorbed oxygen or 

hydroxyl) is not possible; place exchange in this case is suggested to occur between 0.6 

ē/Pt to 1.2 ē/Pt, afterwards coexisting with further formation of oxide on top of this 

structure until the surface disorders and roughens beyond 1.7 ē/Pt.38,39 Alternative models 

for oxide formation (which make predictions about their limiting growth) have suggested 

that the unit cell for two monolayers of PtO has a limiting thickness of 0.534 nm,40 before 

formation of an outer phase of hydrated Pt oxide at more positive potentials.41 We study 

here the changes in reactivity of oxide species formed at a Pt substrate with respect to 

different reactive redox mediators. We find that upon reaching θOX ~ 0.5 chemical rate 

limitations and changes in reaction kinetics are observed, and are considered in the 

simulation model used to fit the SI-SECM response. Our previous use of the SI-SECM 

technique focused on quantification of adsorbed species; in this case we explore the 

application of the method for the study of the reactivity of adsorbed species with 

electrogenerated reductants in solution.   
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5.2 EXPERIMENTAL   

 

All solutions were prepared with deionized Milli-Q water. Chemicals used as 

received were: sulfuric acid (94%-98%) trace metal grade from Fisher Scientific 

(Canada) used to prepare 0.5 M H2SO4; sodium acetate trihydrate (NaC2H3O2, Fisher 

Scientific, A.C.S reagent) and acetic acid glacial from Mallinckrodt (Paris, KY) used to 

prepare acetate buffer solution pH = 4; tribasic, dibasic and monobasic potassium 

phosphate “Baker Analyzed” from J.T. Baker (Phillipsbury, NJ) as well as o-phosphoric 

acid 85% from Fisher Scientific (Fair Lawn, NJ) used to prepare 0.1 M solutions of 

phosphate buffer at the desired pH. Mediator solutions of the indicated concentration 

were prepared with the following: methyl viologen (MV) perchlorate and 

hexammineruthenium(III) (Ruhex) perchlorate were prepared by metathesis of methyl 

viologen dichloride hydrate (98%) from Aldrich (Milwaukee, WI) or 

hexammineruthenium(III) chloride (Ru(NH3)6Cl3, 99%) from Strem Chemicals 

(Newburyport, MA) in concentrated solutions of sodium perchlorate (NaClO4, 99%) from 

Aldrich (Milwaukee, WI). Potassium ferricyanide (K3Fe(CN)6·3H2O, A.C.S reagent) 

from  Fisher Scientific was used as received. A 1:1 complex of Fe3+ and EDTA 

(FeEDTA) was prepared by mixing a 10% molar excess of (ethylenedinitrilo)- tetraacetic 

acid, disodium salt dihydrate (Na2H2EDTA·2H2O, A.C.S reagent) from Fisher Scientific 

with iron(III) perchlorate nonahydrate (99%, Fe(ClO4)3·9H2O) from Aldrich.   

Electrodes. Gold (99.99+%) 25 µm diameter wire and platinum (99.99%) 25 µm  

and 50 µm diameter wire from Goodfellow (Devon, PA) were used to fabricate the 

SECM electrodes by procedures described elsewhere;4 the tips used in this study had an 

RG ~ 3. All metallic electrodes were polished prior to use with alumina paste (0.3 µm) on 

microcloth pads (Buehler, Lake Bluff, IL), and sonicated for 5 min in water. Pt electrodes 
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were further cycled between -0.1 and 1.2 V versus RHE in their respective buffer to a 

constant CV before adsorption measurements.  

In all experiments, an Ag/AgCl (sat’d KCl) reference electrode was used (chloride 

leakage from the Ag/AgCl reference was prevented by the use of a 0.1 M sodium 

perchlorate 3% w/v agar salt bridge prepared with agar purified grade from Fisher 

Scientific (Fair Lawn, NJ) and sodium perchlorate). However all potential measurements 

are reported either versus RHE or NHE. Comparison of results for SI-SECM and 

feedback experiments at different substrate potentials pH was done by conversion of the 

potential vs. NHE to that of RHE, where ERHE ≈ ENHE + 0.059 pH. The position of 

hydrogen and oxygen adsorption features is pH dependent on the NHE scale, as shown in 

Figure 5.2 where cyclic voltammetry of a Pt electrode in the different buffers used in this 

study reveals displacements in the waves; comparison in the RHE scale helps normalize 

for these pH effects and allows a more instructive comparison. As a validation example, 

Figure 5.2 panel (B) plots the peak potential for the oxide reduction wave (vs. NHE) at 

similar oxygen coverage for the Pt electrode versus pH, where good linearity with a 

satisfactory slope of 0.06 V per pH unit was obtained. SI-SECM mediator CV scans are 

essentially pH independent, and are given vs. NHE throughout the text. A 0.5 mm dia. 

tungsten wire (Alfa Products, Danvers, MA) was used in all experiments as a counter 

electrode. All solutions used in the electrochemical cell were thoroughly bubbled with Ar 

prior to experimentation and were kept under a humidified argon blanket.  

SECM and other electrochemical measurements were done with a CHI 920C 

SECM station bipotentiostat (CH Instruments, Austin, TX) equipped with software for 

the automatic programming of SI-SECM. In the SI-SECM scheme, the substrate is 

stepped or swept to a given potential and then the circuit is open; after a selected delay 

time, the tip was activated through a CV scan to electrogenerate the reactive mediator;  
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Figure 5.2. Verification of potential - pH dependence of Pt oxides.  

(A)CV scans in buffer solutions of different pH, concentration is 0.1 M for all phosphate 

series, 0.15 M for acetate; Pt electrode, 2 mm diameter, ν = 100 mV/s. (B) Plot of the 

peak potential values for electrochemical oxide reduction in (A) versus pH of the 

corresponding buffer solution.  
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the potential window and scan rate was chosen differently for each mediator.  Feedback 

experiments were performed at constant height and by applying a constant potential to 

the tip at diffusion limited conditions for reduction of the mediator. The substrate was 

scanned slowly to from ~ +200 mV from the mediator reduction wave onset to the 

desired anodic potential limit, stopping for 70 s at desired potentials, where steady state 

conditions in the presence of oxide growth are attained. The positioning and alignment of 

the electrodes was done as described in previous SI-SECM communications;1,2 in short, 

the tip was approached to the substrate in the feedback mode and scans in x, y and z 

directions were run to optimize the feedback current. Distances were estimated during the 

experiment by the use of positive feedback theory4 and then fine-tuned by the use of 

simulations; chosen distances were in the range 3 µm > d > 2 µm.   

Oxide coverage was estimated by comparison of the charge required for reduction 

of the oxide either by SI-SECM1 or by conventional CV measurements (integration of the 

surface reduction wave).30,33 These amounts were compared to the integration of the UPD 

hydrogen response obtained through a linear potential scan on the Pt substrate to 0.03 V 

vs. RHE in either blank buffer or 0.5 M H2SO4. For the SI-SECM determination of 

oxides, the result from integration of the experimental background-subtracted scans was 

used as an initial guess in digital simulations. Because of the mismatch between the 

radius of the tip and that of the substrate, 100% recovery of the oxide is not predicted by 

the model; our simulations indicate that recovery was in the range of  80% to 85% 

(depending on kSI and d and for  3 > RG > 2 at the tip). This correction factor was taken 

into account for the oxide coverage and was validated through the simulation.   
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5.3 SIMULATIONS AND RELATED CALCULATIONS  

 

Different mediators will exhibit different electrochemical kinetics for the tip 

response; these differences are especially important under the increased mass transfer 

conditions encountered in the SECM operating conditions. The SI-SECM response is 

expected to be convoluted with the kinetics observed at the tip, i.e. complete positive 

feedback caused by a chemical reaction at the substrate should not differ in shape to that 

caused by electrochemical regeneration of the mediator. Therefore, the determination of 

the functional parameters for the simulation of the transient feedback response is in order. 

The relevant kinetic parameters for the simulation of SI-SECM scans were obtained 

through the use of Equations 5.3.1 to 5.3.4:42   
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where the standard rate constant k
0 and the transfer coefficient α can be measured in 

terms of known quantities such as the distance, d (where L = d/a), the potential E and 

standard potential of reaction E0 and the steady state tip current at infinite distance, iT,∞.; 

the experimental tip current can be compared by using the relation iT = IT(L,E)× iT,∞. The 

procedure to correct for the tip kinetics is especially important for the more sluggish 

electrochemical reactions (e.g. those for FeEDTA and ferricyanide) where considerable 

deviation from nernstian behavior is observed at the high mass transfer rates induced by 

the small electrode separation in the SECM.43 Figure 5.3 shows the fit obtained for the 

experimental scans obtained for the four mediators used in this study, and Table 5.1 

summarizes the used and obtained electrochemical parameters. MV and Ruhex show 

relatively uncomplicated kinetics, which is consistent with our previous results where a 

preliminary comparison to simulation did not necessarily require tip kinetics 

adjustments;1 FeEDTA and ferricyanide show sluggish tip kinetics and correction for this 

was necessary.  

Digital simulations of the coupled kinetic and diffusive problem required to 

describe the SI-SECM response were modeled with COMSOL Multiphysics software 

v3.2 for a 2D-axial symmetry coupled to a 1D symmetry representing the substrate 

electrode. The geometry of the simulation space was adjusted for the experimental 

conditions of this study, where a = 12.5 µm, b = 25 µm and for both electrodes RG ~ 3; 

the distance d was adjusted for each particular case. A depiction of the simulation space 

and relevant boundary conditions is presented in Figure 5.4. 

The solution initially contains the oxidized form of the mediator, equal to the bulk 

value CO*, and no bulk reduced species, CR* = 0. These bulk values are also used to 

represent the semi-infinite boundary conditions for type ii boundaries in Figure 5.4.  

 



 

 

 

 

 

 

Figure 5.3. Determination of tip kinetic parameters for different mediators. 

Tip-substrate distance and obtained parameters are shown in 

determinations done on Au microelectrodes with radius 

mediator used is indicated in each panel. Substrate for all measurements was Pt with 

radius b = 25 µm Au and RG

RHE; Ruhex, Esub = 0.92 V vs. RHE; Ferricyanide, 

Esub = 1.12 V vs. RHE. 
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Determination of tip kinetic parameters for different mediators.  

substrate distance and obtained parameters are shown in Table 5.1

determinations done on Au microelectrodes with radius a =12.5 µm with 

mediator used is indicated in each panel. Substrate for all measurements was Pt with 

RG ~ 3. Substrate potentials as follows: MV, Esub

= 0.92 V vs. RHE; Ferricyanide, Esub = 1.22 V vs. RHE ; FeEDTA, 

 

 

Table 5.1. All 

m with RG ~ 3; 

mediator used is indicated in each panel. Substrate for all measurements was Pt with 

sub = 0.7 V vs. 

E ; FeEDTA, 
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Table 5.1. Relevant parameters for the fitting of positive feedback CV scans for various 
Pt Oxide-reducing mediators. 

 

  Mediator 

 

d / µµµµm 

 

E
0
 / V  

vs. NHE 

 

k
0
 / cms

-1
 

    

αααα    

 

D / m
2
s

-1
 

MV (pH = 11.3) 2.0 -0.45 2 0.5 7.2×10-10 

Ruhex (pH = 4, 2.1) 2.3 0.05 0.1 0.5 7.5×10-10 

Ruhex (pH = 6.8) 2.7 0.05 0.1 0.5 5.5×10-10 

FeEDTA (pH = 6.8) 2.6 0.12 2×10-3 0.6 4.0×10-10 

Ferricyanide (pH = 6.8) 2.1 0.4 5×10-3 0.3 6.2×10-10 

 

All measurements done with a 12.5 µm Au UME and a 25 µm Pt UME substrate 

held at a potential where oxidation occurred under diffusion-limited conditions. E0 values 

obtained from Ref. 4; reported value for ferricyanide is 0.36 V vs. NHE.  
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Figure 5.4. Description of SI-SECM simulation space and boundary conditions.  

Coupled axial-2D and axial-1D geometries described by z and r is shown. Boundary 

types: i, insulation; ii, bulk concentration (semi-infinite); iii, flux at the tip; iv, 

concentration of oxide at the substrate; m = n = 20a and 90º >θ > 60º. Other quantities as 

described in the text. Drawing not to scale.  
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In the 2D domain we considered a diffusion problem in which the reduced species 

R is being generated at the tip from the initially present oxidized species O.  For transient 

conditions following Fick’s second law as required for implementing linear scan 

voltammetry we have equations 5.3.5 and 5.3.6 which apply to the space representing the 

solution between the two tips (with insulating conditions in the type i boundaries) and 

extending into bulk of the solution: 

 

OO

O CD
t

C 2∇=
∂

∂
       (5.3.5) 

       

RR

R CD
t

C 2∇=
∂

∂
       (5.3.6)  

          

where CO and CR are the concentrations of oxidized and reduced species respectively and 

are functions of r, z and time, t. DO and DR are the diffusion coefficients of these species. 

The tip boundary condition was programmed using the Butler-Volmer formalism to 

represent the flux to it and used the fitted parameters in Table 5.1. At the tip boundary 

(type iii), z = 0, 0 < r < a, we write the inward flux condition, equations 5.3.7 and 5.3.8, 

and the linear potential sweep in equation 5.3.9: 
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where ko is the heterogeneous rate constant, α the transfer coefficient and f which is equal 

to 38.94 V-1 at 298 K and E
0’ the formal standard potential of the reaction. E is the 

potential of the tip and relates the scan to time by means of υ, the scan rate, and the initial 

potential Ein. The current read at the tip is obtained by integrating the normal diffusive 

flux of the oxidized species O at its surface and multiplying times a geometric argument 

as shown in Equation 5.3.10: 
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π      (5.3.10) 

  

In all simulations we assume that the number of electrons transferred is n = 1 for 

any step; F is Faraday’s constant, 96,485 C/mol. The tip current under transient feedback 

conditions will be a function of the regeneration of O at the substrate, which will be 

dependent on the rate of reaction of R with the adsorbed oxide, OX. This reaction was 

simulated in an axial-1D space (boundary type iv) coupled to the axial-2D diffusion 

problem, which takes advantage of the multi-scale modeling allowed by COMSOL 

Multiphysics through the use of coupling variables between geometries. Thus, for the 

different possible types of adsorbed oxide, a surface concentration Γox,j is declared, where 

j is an identification index, rchem is the rate of reaction of the oxide with the mediator as 

discussed later and Dsurf is the diffusion coefficient of the oxide on the substrate. The time 

dependence on the oxide surface concentration is shown in Equation 5.3.11: 
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The surface concentration of oxide is Γox,j = yox,j / πb
2 = yox,j / Asub where yox,j is the 

number of moles of oxide j and b the radius of the substrate with area Asub; this is 

depicted in Figure 5.4. The total charge input is related to the moles of oxide by QOX,j = 

Asub F yox,j. The inclusion of Dsurf proved to be of importance in our system where there is 

a mismatch between the tip and substrate microdisk sizes such that b > a; under these 

conditions, restricted mobility of the adsorbate showed considerable losses in 

quantification which were not observed experimentally; a value of Dsurf = 1×10-8 m2/s 

was used throughout where the SI-SECM simulation is insensitive to this parameter at 

any kinetics and diffusion coefficient of the mediators used (DO, DR < 1×10-9 m2/s, kSI < 

150 and d > 2 µm). The study of surface diffusion of oxides on Pt, while of interest, is 

beyond the scope of this study.   

 In our first SI-SECM study of oxides on Au and Pt,1 we observed that at larger 

substrate oxide coverage, typically after θOX = 0.5 coverage, the kinetics of the chemical 

reaction between the mediator and oxygen became more sluggish, i.e. the rate constant 

appeared to decrease.  Similarly the observed response suggested more than one step in 

the reaction mechanism as observed from the presence of multiple waves consistent with 

a sequence of reactions.1,3 The surface interrogation process can be considered as 

analogous to an Eley-Rideal mechanism44 where a species in solution reacts with an 

adsorbed species at the substrate; the rate for this process can be written (Equation 5.3.12, 

as also shown in Figure 5.1 panel (B):  

 

rchem = kSIΓoxCR       (5.3.12) 

 

where rchem represents the rate of reaction derived from the chemical reaction (mol/s m2)  

and CR is the concentration of the reduced mediator at the surface of the substrate. Since 
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in this mechanism the reducing agent is not adsorbed, the decrease in the rate of the 

process cannot be ascribed to competitive adsorption.  Rather it can be described in terms 

of a decrease in the value of kSI and/or the attainment of a limiting value in the simulated 

coverage Γox.  

 In expressing the overall reaction rate of reduced mediator and oxide, there is 

probably a continuum of species that are a function of the potential and particular Pt 

electrode surface sites.  We found here that these can be treated adequately by assuming   

discrete reactive oxide species and a two adjustable kinetic parameter fit.  As explained in 

the introduction, the place exchange process is thought to take place at coverage values 

close to θOX = 0.5 as observed by different techniques.30-39 The place exchange re-

arrangement implies that the accessible surface oxide is limited, thus we used the limiting 

value of Γox,max = QH / FAsub to model the “front reactive oxide” 1 (nominally PtOH), 

which then leads to the formation of a second reactive oxide which is surface limited in 

the same amount, 2 (nominally PtO). As an example, consider the reaction  modeling for 

these two types of oxide (e.g. a place exchanged oxide that gives rise to its precursor 

surface oxide upon reduction); the initial surface composition can  then be expressed as in 

Equation 5.3.13, the linking relationship between different types of oxide is shown in 

Equation 5.3.14 and the total rate of reaction in Equation 5.3.15 for the surface process 

and Equation 5.3.16 for the regeneration of the mediator that is responsible for providing 

the transient feedback:  

 

Γox,2 + Γox,1 = Γox,max      (5.3.13) 

 

RCΓkrr ox,22ox,1ox,2 ==−      (5.3.14) 
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RoxRoxchem CΓkCΓkr 1,12,2 +=     (5.3.15) 

 

ORchem rrr =−=       (5.3.16) 

 

The proposed model is strongly drawn on assuming possible transformations such 

as that of PtO into PtOH, the latter being an intermediate state upon gaining an electron 

and a proton. The allowance that different oxide species involved have different reaction 

rate constants with respect to the reduced mediator is important in a description of the 

more complex tip response.  As we show, we obtained reasonable fits to this model. A 

final addition to the simulations of SI-SECM pertains to the description of the 

background current, i.e. the negative feedback. For a reducing mediator, it is possible that 

parasitic processes such as proton reduction occur at a Pt substrate;11 likewise, the 

mismatch between the tip and the substrate size may give rise to some effects of open 

circuit feedback. We added a small correction for this process in the form of a forward 

heterogeneous electron transfer rate constant, kbkg; observed typical values were in the 

order of 1-3 × 10-5 m/s.  

Steady state feedback simulations were also run in the same geometry used for the 

transient SI-SECM simulations and shown in Figure 5.4, with the exception that an axial 

2D problem suffices for this case and the substrate can be modeled simply with a flux 

boundary condition. Since feedback simulations were run at diffusion limited conditions 

at the tip, the flux boundary condition at boundary iii was replaced by a concentration 

boundary condition with CO,tip = 0 and CR,tip = CO*. The flux boundary condition at the 

substrate (boundary iv) is shown in Equation 5.3.17 where the rate of consumption of the 

reduced species is used:  
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   rR = −ro = −khetCR                 (5.3.17) 

 

where CR is again the concentration of the reduced species at the substrate and khet the 

rate of heterogeneous electron transfer. Values for khet were obtained for selected 

experiments with previous knowledge of the feedback current at the tip. The case where 

the oxide formed at a given potential at the substrate is responsible for sustaining the 

steady state feedback current through a chemical reaction with the mediator was also 

taken into account. The maximum feedback currents possible from the chemical route 

were calculated by transforming Equation 5.3.17 into 5.3.18: 

  

 ( ) RnoxnnoxnoR CΓkΓkrr 1,1, −−+−=−=              (5.3.18) 

 

where n represents the higher order layer of front reactive oxide (e.g. if 2 layers, n = 2, 

and if sub-monolayer oxide, then  n = 1. This approach is valid as long as the kinetics of 

formation of the respective oxides outrun the feedback response, which seems a 

reasonable assumption in view that water is not diffusion limited and that the early 

transients (e.g. t < 1 s) observed for anodization of Pt beyond θOX = 0.5 are larger than 

the feedback current.   

  

5.4 SI-SECM REDUCTION OF PLATINUM OXIDE AT OPEN CIRCUIT 

 

The reduction of different amounts of Pt oxide at open circuit, obtained after 

bringing the Pt substrate to different potentials, was studied by performing SI-SECM 
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with the different mediators introduced (MV, Ruhex, FeEDTA and ferricyanide) and 

fitting the corresponding scans to the simulation model. Figure 5.5 shows the amounts of 

oxide formed at the selected potentials obtained in the presence of the respective 

mediators in phosphate and acetate buffer and the comparison to the corresponding result 

in the absence of mediators, as well as the amounts reported in the literature for 0.5 M 

H2SO4 in ultrapure conditions.33 Most of the oxide results obtained under the conditions 

of this study (e.g. in the presence of mediator and in buffer solution) follow the same 

roughly linear trend of coverage vs. the potential of formation, so this same trend can be 

safely assumed to hold with the different mediators. The discrepancy between our oxide 

estimations and those reported in the literature may reside in the nature of the solution, 

e.g. the presence of the mediator itself in the medium could slightly affect the results, 

even if only very small amounts of the mediator adsorb onto the surface; the difference 

between the curves in the presence of mediator and those obtained by integration of the 

oxide reduction process in clean buffer is, however, small. The adsorption of phosphates 

or acetate may also cause a deviation; for example the adsorption of anions has been 

reported to delay the appearance of the oxygen adsorption features, in the case of the 

weaker adsorption features by competitive adsorption or, in the case of place exchange by 

modifying electrostatically this field-assisted process.31 With the multicharged 

phosphates present in the buffers, electrostatic interactions may contribute significantly at 

positive potentials. However, most of our results fall within the same range of coverage 

vs. potential, so we consider comparisons between the different systems to be valid. 

Ruhex at neutral pH shows some signs of side processes that prevent us from using this 

mediator for the steady state feedback experiments. During the course of our 

investigations we observed additional Pt oxidation processes in the presence of Ruhex in  
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Figure 5.5. Oxide coverage vs. Potential on Pt in the presence of different mediators. 

Coverage θOX = QOX/2QH where QOX is the charge of oxide determined by SI-SECM 

scans or CV on the oxide reduction peak and QH is the charge estimated by integration of 

the hydrogen adsorption area for the electrode in a mediator-free solution, θOX = 1 

implies 1 ML of equivalent PtO. Substrate in all cases is Pt with b = 25 µm, except 

labeled as CV Reduction Peak where a Pt electrode with b = 12.5 µm was used. All 

values obtained after 70 s of oxidation at the indicated substrate potential. Reported* 

value in Ref. 33, 0.5 M H2SO4.   
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Figure 5.6. CV of Pt in the presence of Ruhex at different pH.  

Solution was 0.3 M of the respective buffer with 1 mM Ru(NH3)6(ClO4)3. Pt electrode, 2 

mm diameter, ν = 100 mV/s.  
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neutral and basic solutions that disappeared at more acidic pH, as shown in Figure 5.6. 

We are uncertain about the exact nature of this process; oxidation of Ru(III) to Ru(IV) is 

not expected at these potentials. A possibility would be that ligand exchange of Ruhex 

promoted by the formation of Pt oxides happens, possibly catalyzed by OH- in solution, 

thus why the process is more evident at higher pH. Under feedback conditions (e.g. with 

the tip reducing Ruhex and the substrate generating Pt oxides) decomposition of the 

mediator is evidenced by the presence of shielding effects. For this reason, steady state 

feedback experiments for Ruhex at neutral pH are not considered in this study, but the 

presence of decomposed Ruhex in the SI-SECM scans should not affect the transient 

measurements importantly. In fact, as shown later, they fit with the trends observed for 

the rest of the mediators. 

Table 5.2 summarizes the results obtained for the fitting of the SI-SECM scans to 

the experiment. The maximum distinguishable rate constant for reaction of mediator with 

Pt oxide is kSI ~ 100 m3mol-1s-1, (different mediators were run at slightly different 

distances, d). The lowest measurable rate constant for the typical maximum coverage is ~ 

0.1 m3mol-1s-1. The accessible rate constants in this case cover the same 3-order of 

magnitude range observed for studies of heterogeneous electron transfer using steady 

state feedback at L~ 0.2.4,6,8 The results presented in Table 5.2 show that the selection of 

mediators covered most of this range.  

The results for the SI-SECM scans of MV at pH = 11.3 are shown in Figure 5.7 

where increasing amounts of Pt oxide are titrated by electrogenerated MV+ produced 

from the originally present MV2+. MV+ is a strongly reducing agent with a negative 

standard potential E
0 and very reactive towards O2 reduction. We chose to use this 

mediator in basic solution since MV+ also can participate in the direct pH-dependent 

reduction of H+ to H2 at the Pt surface.11 SI-SECM scans were not possible at pH 6.8 due  
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Table 5.2. Coverage and rate parameters used for the fitting of SI-SECM curves. 

Mediator ΓΓΓΓox,max / nC*   k1 / m
3
mol

-1
s

-1 k2, k3 / m
3
mol

-1
s

-1 

MV (pH = 11.3) 17 20 100 

Ruhex (pH = 2.1) 20 20 100 

Ruhex (pH = 4) 26 100 100 

Ruhex (pH = 6.8) 20 10 30 

FeEDTA (pH = 6.8) 20 10 6 

Ferricyanide (pH = 6.8) 15 0.75 2 

 

*In the simulation a molar surface concentration is used such that for a 25 µm radius 

substrate, with A = 1.96 ×10-9 m2 each nC of total charge contributes 5.28 × 10-6 mol m-2.  
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Figure 5.7. SI-SECM of Pt oxide using MV as mediator, pH = 11.3.  

Substrate held for 70 s at the indicated potential vs. RHE in the label; Tip scan rate ν = 20 

mV/s. d = 2 µm; background heterogeneous constant, kbkg = 3×10-5 m/s. Solution is 1.1 

mM in MV(ClO4)2  in 0.1 M phosphate buffer. Fitted rate constants: k1 = 20 m3mol-1s-1, 

k2 = 100 m3mol-1s-1.  
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to high steady state backgrounds observed in blank measurements due to this process. At 

pH = 11.3 the background levels were reasonable and the SI-SECM scans reveal the fast 

rate of the reaction of the mediator with the surface oxide species as shown by the sharp 

curves that follow the positive feedback (PF) scan and decay quickly after consuming 

most of the substrate adsorbate (Figure 5.7). Figure 5.8 confirms the fitting parameters by 

exploring the scan rate dependence of the SI-SECM signal; a good general agreement is 

observed in both cases across different amounts of oxide and different interrogation 

conditions with two fitting parameters (Table 5.2).       

An important feature observed in Figure 5.7 and with most of the mediators in 

this study was the observation of a small distinguishable signal that appeared even in the 

background scans obtained when the substrate was interrogated after resting at open 

circuit (OC) for a long time in the presence of traces of air (that are difficult to avoid in 

the SECM cell, even with an Ar blanket), i.e. when the substrate was not purposely 

electrochemically oxidized. We have previously discussed these signals in terms of 

“incipient oxides” formed by chemical routes.1 Reactive forms of oxygen species derived 

from adsorbed water have been suggested on Pt.  For example, sum frequency generation 

spectra revealed the presence of OH stretch signals at pH~1 that start at 0.4 V vs. NHE, 

peak at 0.6 V and disappear beyond 0.9 V where the main Pt oxide starts to grow.45 

Activated oxygen species at potentials less positive than 0.9 V have been proposed in 

experimental and theoretical studies to be involved in processes such as the 

electrooxidation of carbon monoxide.46-48 Coverage by this incipient, or OC, oxygen 

depended on the pH as found in our experiments: pH = 4, θΟX,OC ≈ 0.025 (Ruhex); pH = 

6.8, θΟX,OC ≈ 0.15 (Ruhex); pH = 6.8, θΟX,OC ≈ 0.06 (FeEDTA); pH = 11.3, θΟX,OC ≈ 0.23 

(MV). The amount of these incipient oxides was previously reported to depend on pH 

and increase with increasing pH,49 as observed here, although finding it by the SI-SECM  
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Figure 5.8. SI-SECM of Pt oxide using MV at different scan rates.  

Substrate held for 70 s at 1.87 V vs. RHE; Tip scan rate as indicated. d = 2 µm; blank 

heterogeneous constant, kback = 3×10-5 m/s. Solution is 1.1 mM in MV(ClO4)2  in 

pH=11.3, 0.1 M phosphate buffer. Fitted rate constants: k1 = 20 m3mol-1s-1, k2 = 100 

m3mol-1s-1.  
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technique also depends on the reducing power of the mediator used. Ferricyanide, the 

weakest reducing agent in this study, did not detect this type of oxide. 

Note that the theoretical fits deviate slightly from the measured ones, especially 

during the final stages of the interrogation process as shown in Figure 5.7, i.e.  

experimental transients decayed less sharply than the simulated ones. This probably 

reflects effects of the diverse population of the sub-monolayer species, e.g. PtOH with 

different configurations of OH, bridged to different numbers of Pt atoms depending on 

the coverage, where repulsive interactions between them could generate coverage 

dependent adsorption energies.20,30,39 These changes could result in a coverage dependent 

kinetic constant, where our model simply represents a constant k1 as a first 

approximation. The formation of these species as a consequence of water activation over 

the metallic Pt surface would also imply that they are formed and consumed transiently 

near the end of the scan, a process that would inevitably generate tailing in our 

electrochemical signal. We note in this respect that we introduce k1 values only as 

approximations; k2 and k3 values as will be shown, provide more interesting and reliable 

information about the kinetics of the oxide reduction process, especially in the case of 

higher (place exchanged) oxide.   

The effects of the energetics of reaction of one mediator with the surface oxide 

can be tested by choosing a similar reducing agent. In Figure 5.9 we show the 

corresponding SI-SECM scans for Ruhex in acidic medium at pH = 4 (scans were also 

run and fit at pH = 2.1 with similar results). Provided that the E0 of the mediator is not a 

pH sensitive process, the energetic gap between the mediator and the oxide can be 

increased by changing the pH of the solution, since oxide reduction is pH dependent.  

Since E0 = 0.05 V vs. NHE for Ruhex, and is  independent of pH, there is a higher free 

energy of reduction at lower pH; at pH = 4 in Figure 5.9 the SI-SECM scans reveal  
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Figure 5.9. SI-SECM of Pt oxide using Ruhex as mediator, pH = 4.  

Substrate held for 70 s at the indicated potential vs. RHE in the label; Tip scan rate ν = 10 

mV/s. d = 2.3 µm; background heterogeneous constant, kback = 3×10-5 m/s. Solution is 0.6 

mM in Ru(NH3)6(ClO4)3 in 0.15 M acetate buffer. Fitted rate constants: k1 = 100 m3mol-

1s-1, k2 = 100 m3mol-1s-1.  
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Figure 5.10. SI-SECM of Pt oxide using Ruhex as mediator, pH = 6.8.  

Substrate held for 70 s at the indicated potential vs. RHE in the label; Tip scan rate ν = 20 

mV/s. d = 2.7 µm; background heterogeneous constant, kback = 3×10-5 m/s. Solution is 

0.82 mM in Ru(NH3)6(ClO4)3  in 0.1 M phosphate buffer. Fitted rate constants: k1 = 10 

m3mol-1s-1, k2 = 30 m3mol-1s-1.  
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very sharp curves that denote fast interrogation kinetics, while Figure 5.10, which shows 

the interrogation results for Ruhex at pH = 6.8, show slower kinetics. In fact, upon  

reaching a substrate potential limit close to 1.32 V, there is a clear deviation of the scans 

from positive feedback. At this potential θOX > 0.5, the reaction of higher oxide 

occurs and the decrease in kinetics can be ascribed to a decrease in the value of k2. 

There is a similar effect when the mediator is FeEDTA (E0 = 0.12 V vs. NHE), 

and the rate of reaction of the oxide decreases further (Figures 5.11 and 5.12 for low and 

high coverage of Pt oxide respectively, and where departure from the maximum rate of 

reaction set by the PF scans is evident). The measured kinetic constants for FeEDTA lie 

in the middle of the measurable range which is advantageous in terms of the goodness of 

the fit; in this range subtle changes in k1 and k2 have a profound impact on the simulated 

shapes and thus, a better estimate of these can be given. Finally, Figure 5.13 shows the 

results for the least reducing mediator of the series, ferricyanide. The fit in this case 

revealed much smaller rate constants for the oxide reduction process.   The rate is now so 

slow, compared to the full extent of positive feedback, as shown in the inset of Figure 

5.13, that one might consider the system as non-reactive. However, the corresponding 

kinetic constants could be obtained within reasonable fits.  

As shown in Tables 5.1 and 5.2, kSI, depends on the driving force for reduction of 

the oxide (i.e. the free energy of the reaction between reductant and oxide). This free 

energy of reaction can be represented by the parameter ∆E, which equals the potential 

separation between the E0 of the mediator and the peak potential of the electrochemical 

oxide reduction wave at θOX ≈ 0.5 at a given pH. A plot of the ln k2 vs. ∆E (Figure 5.14) 

shows an approximately linear relationship.  Homogeneous outer sphere reactions are 

often modeled by  parabolic relationships with respect to the free energy of activation of 

the process in the context of Marcus and related electron transfer  
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Figure 5.11. SI-SECM of Pt oxide using FeEDTA as mediator, pH = 6.8. Low θOX. 

Substrate held for 70 s at the indicated potential vs. RHE in the label; Tip scan rate ν = 

100 mV/s. d = 2.3 µm; background heterogeneous constant, kback = 1×10-5 m/s. Solution 

is 0.89 mM in Fe(III)[EDTA] in 0.1 M phosphate buffer. Fitted rate constants: k1 = 10 

m3mol-1s-1, k2 = 6 m3mol-1s-1.  
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Figure 5.12. SI-SECM of Pt oxide using FeEDTA as mediator, pH = 6.8. High θOX.. 

Substrate held for 70 s at the indicated potential vs. RHE in the label; Tip scan rate ν = 50 

mV/s. d = 2.3 µm; blank heterogeneous constant, kback = 1×10-5 m/s. Solution is 0.89 mM 

in Fe(III)[EDTA]- in pH = 6.8, 0.1 M phosphate buffer. Fitted rate constants: k1 = 10 

m3mol-1s-1, k2 = 6 m3mol-1s-1.  
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Figure 5.13. SI-SECM of Pt oxide using Ferricyanide as mediator, pH = 6.8.  

Substrate held for 70 s at the indicated potential vs. RHE in the label; Tip scan rate ν = 20 

mV/s. d = 2.1 µm; blank heterogeneous constant, kback = 1.1×10-5 m/s. Solution is 0.65 

mM in K3Fe(CN)6  in 0.1 M phosphate buffer. Fitted rate constants: k1 = 0.75 m3mol-1s-1, 

k2 = 2 m3mol-1s-1. Inset shows full extent of PF scan for comparison to fitted curves.     
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Figure 5.14. Dependence of Pt oxide reduction rate constant on reducing power of 
mediator. 

 ∆E stands for the difference between the E0 of the mediator and the peak potential for 

electrochemical reduction of the oxide at the indicated pH. Values for k2 as obtained from 

digital simulations in m3mol-1s-1. The graph also shows the parabolic curves obtained by 

use of Equations 5.4.1 and 5.4.2 with different values of λ and adjusted to overlay on the 

data.   
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theories,18,50-53 where the free energy of activation, ∆G*, is expressed in terms of the 

driving force of the process ∆G
0 (in our case proportional to ∆E) and the reorganization 

energy, λ, e.g. the energy required to transform the nuclear configurations in the reactant 

and the solvent to those of the product state;18 5.4.1 and 5.4.2 are the relevant 

equations:18,52    
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2π

h
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4πλRT
exp
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where ket is the rate constant for electron transfer,   h is the normalized Planck constant, 

  
HDA is the electronic coupling matrix element between the donor and acceptor states, R 

is the gas constant and T the temperature;52 λ in this case is expressed in eV. It is 

tempting to plot the data for the heterogeneous (inner sphere) reaction studied here to this 

formalism, and locate the calculated rate constants in the context of the parabolic 

relationship to obtain an estimate of λ;53 SECM kinetic measurements have been 

previously used to construct such parabolic relationships.54 Such parabolas are shown in 

Figure 5.14 for values of λ; our data would fall into the range 1.6 eV > λ > 1.0 eV so an 

average value of λ = 1.3 ± 0.3 eV matches the rate constants fairly well. This value of λ 

is significantly larger than that attributable to the mediators and suggests that the 

reduction of the oxide, possibly the place-exchanged oxide (k2 corresponds to the rate 

constant for reduction of θOX > 0.5), is accompanied by a significant re-arrangement of 

the products compared to the reactants.   This is consistent with the model proposed by 
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Nagy et al. in which considerable interactions, i.e. induced local fields, need to be 

overcome in order to reduce the place exchanged oxide,38 and is also consistent with 

observations of loss of reversibility in cyclic voltammetry upon formation of the place 

exchanged oxide. The estimated λ value does not include corrections for work terms (e.g. 

coulombic effects)18 that may be involved in Equation 5.4.2, especially considering that 

the different mediators carry not only different charge, but also of opposite sign in some 

cases; nonetheless the agreement to the parabolic model is good. Larger (more negative) 

values of ∆E would be interesting so a possible inverted region could be examined, but 

could not be accessed due to the interference of parasitic catalytic processes at the Pt 

substrate.11 However, less catalytically active surfaces, such as gold or mercury, may 

yield interesting results (although the generation of more reactive species in water starts 

to become a problem at potentials more negative than the ones used for MV).  

 

5.5 COMPARISON OF CHEMICAL AND ELECTROCHEMICAL ROUTES 

 

We now turn to steady-state measurements of the oxidation of the mediator at the 

Pt substrate as a function of potential, particularly very positive (oxidizing) ones. Such 

measurements are difficult at a single electrode, but straightforward with the SECM, 

where generating a reducing redox mediator at the tip, while inducing strongly oxidizing 

conditions at the substrate with the formation of a reactive oxide can easily be 

accomplished.  We can evaluate the impact of the formation of the oxide on Pt on the 

feedback and hence the rate of reaction (Figure 5.1 panel B). Typically, SECM 

experiments of positive feedback do not involve bringing the substrate potential to 

extremely positive values, since for most well-behaved mediators, diffusion limited 
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conditions of oxidation can be achieved within ~200 mV positive of the mediator E0. For 

example, in the case of MV feedback, with E0 = -0.45 V vs NHE, the electrode needs not 

to be biased further than E = -0.25 V vs. NHE to observe complete positive feedback; 

excursion into more positive potential regions where an oxide is formed is rarely carried 

out, although it is of interest in studying oxide film effects. 

Figures 5.15 and 5.16 show the extremes of the chemical reactivity of a mediator 

with the Pt substrate under conditions of oxide formation with the tip set at a potential 

such that diffusion limited conditions apply, for MV (fast chemical kinetics with oxidized 

Pt) and for ferricyanide (slow chemical kinetics with oxidized Pt) respectively. In both 

cases there is almost no change, within the standard deviation, in the feedback signal 

across potentials where Pt oxide forms. MV actually shows a very constant PF along a 

very wide range of potentials that only increases at the most positive potentials where O2 

evolution at the substrate can provide an additional contribution to the tip current (e.g. by 

collection of O2 at Au or by homogeneous reaction with MV+). Under the conditions of 

this study, and considering the high chemical reaction constants found for MV with Pt 

oxides, the chemical route is indistinguishable from the electrochemical one, as shown by 

the simulated results in the presence of oxide at the Pt surface; in these, the rate of 

chemical reaction of the mediator in the presence of different amounts of oxide was the 

input. The replacement of the chemical rate, as obtained from the coverage of the 

different coexisting species with respect to the front reactive layer and their reaction 

kinetics, has been discussed in the simulation section. We assume that the composition of 

the surface oxide at steady state is the same as obtained from the initial state in the 

transient SI-SECM measurements.  Similar results were obtained for Ruhex at pH =2.1 

and pH = 4 (not shown).   
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Figure 5.15. MV steady-state feedback on Pt at positive substrate potentials.  

Etip = -0.6 V vs. NHE; d = 2 µm in 1.1 mM MV(ClO4)2 in pH = 11.3, 0.1 M Phosphate 

buffer. Esub as indicated versus RHE; Pt oxide coverage as in Figure 5.5. All points 

recorded after first holding at the indicated substrate potential for 70 s and then 

maintaining the potential. Blue points indicate the simulated feedback response for the 

system if only the chemical route contributed to feedback.   
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Figure 5.16. Ferricyanide feedback on Pt at anodizing substrate potentials.  

Etip = 0 V vs. NHE; d = 2.1 µm in 0.65 mM K3Fe(CN)6 in pH = 6.8, 0.1 M Phosphate 

buffer. Esub as indicated versus RHE; Pt oxide coverage as in Figure 5.5. All points 

recorded after first holding at the indicated substrate potential for 70 s and then 

maintaining the potential. Blue points indicate the simulated feedback response for the 

system if only the chemical route contributed to feedback.   
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Similarly, the feedback of ferricyanide shows no change across potentials where oxide 

formation at the substrate is present. Feedback simulations are shown as well in Figure 

5.16; here, the chemical feedback would only account for ~40% of the current at its 

maximum rate and no indication in either of these cases points to the predominance of the 

chemical route through the participation of the surface oxide in the feedback process; 

furthermore, no apparent loss of feedback activity is observed even when θOX ≈ 1.  

Figure 5.17 shows the corresponding case for the feedback of FeEDTA at the 

oxide covered Pt substrate. Note that a previous study of FeEDTA electrochemistry on Pt 

has reported that it occurs by an EC mechanism producing a nonelectroactive 

intermediate and low collection at the ring at high rotation rates in rotating ring-disk 

electrode (RRDE) experiments.55  In SECM experiments, we found the feedback 

response of FeEDTA to be sluggish at the less positive potentials and increased following 

a similar increase in the oxide coverage at the substrate.   The feedback signal reached a 

maximum at a value of θOX slightly larger than 0.5 and then decreased until stabilizing at 

1.62 V vs. RHE (where θOX ≈ 1). Feedback simulations based on the coverage and 

reactivity with the oxide as the only means of Fe(II)EDTA oxidation (Table 5.2) are also 

shown in Figure 5.17, and show a good agreement with the experimental data.  

How does one explain the decrease in the rate of oxidation of Fe(II)EDTA in the 

potential range 1.2 to 1.6 (potentials well positive of the formal potential of the species)?   

It cannot be explained by a Marcus inverted region for non-adiabatic electron transfer, 

since this is not found at metal electrodes; the thin Pt oxide film could be treated as a 

semiconductor with localized states, but for θOX ≤ 1 this is unlikely.16, For outer sphere 

reactions, tunneling effects, as suggested earlier, as in Equation 5.1.2, on oxide-covered 

electrodes have been described. One could then ascribe the changes totally to electron 

transfer from the Fe(II)EDTA as caused only by tunneling through the oxide film.  
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Figure 5.17. FeEDTA feedback on Pt at anodizing substrate potentials. 

 Etip = -0.2 V vs. NHE; d = 2.6 µm in 0.89 mM Fe(III)[EDTA]- in pH = 6.8, 0.1 M 

Phosphate buffer. Eo (Fe(III/II)EDTA) = 0.12 V vs. NHE or a formal potential of  0.44 V. 

RHE at pH 6.8.  Esub as indicated versus RHE; Pt oxide coverage as in Figure 5.5. All 

points recorded after first holding at the indicated substrate potential for 70 s and then 

maintaining the potential. Blue points indicate the simulated feedback response for the 

system if only the chemical route contributed to feedback.   
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Through feedback simulations, it is possible to extract the equivalent heterogeneous rate 

constant for the direct electron transfer through the oxide film, khet, from the experimental 

feedback observed in Figure 5.17. A plot of the logarithm of this quantity versus the 

estimated thickness of the oxide can be made to assess the possibility of tunneling effects. 

Figure 5.18 shows such a plot, where the thickness of the Pt oxide was roughly estimated 

based on the density of bulk PtO;19 for θOX ≈ 1 this approach gives a reasonable estimate 

considering that two monolayers of Pt-O (θOX ≈ 2) have a thickness of 5.34 Å.40 This plot 

shows good linearity, but the extracted value of the tunneling coefficient, β = 0.33 Å-1 is 

small compared to the usual values, but within the range of some previously reported 

values.18,53 Tunneling effects have been typically reserved for thick layers of oxide on 

metals (e.g. thicker than 6 Å) while chemical effects are proposed to impact the rates of 

reaction on thinner ones.16 

Thus we prefer to explain the feedback behavior of FeEDTA in Figure 5.17 to the 

fact that oxidation occurs totally via reaction with the oxide, given the agreement 

between the simulated feedback from the SI-SECM model and the experimental 

response. To our knowledge, these chemical effects have not been addressed with the 

versatility that the SI-SECM technique allows. In this particular case, the oxidation of 

Fe(II)EDTA would be associated with the presence of oxide at the surface and its 

reactivity towards it, and the assumption that the higher oxides react more slowly. Notice 

also that these effects are observed well into the initial states of oxide formation, not only 

after reaching the first half monolayer of oxide. Since cyanide ion is known to inhibit 

oxide formation on Pt ,56 FeEDTA feedback experiments in the presence of cyanide ion, 

e.g. 1.5 mM NaCN were undertaken (Figure 5.19). Note the marked decrease in the 

feedback current in the oxide formation region (0.8 V to 1.2 V vs. RHE) until the cyanide 

adsorbate was stripped by oxidation from the surface at ~ 1.4 V vs. RHE, where feedback  
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Figure 5.18. Logarithmic plot of heterogeneous substrate rate constant for FeEDTA 
feedback versus estimated PtO thickness.  

Points selected from Figure 5.17 in the substrate potential range 1.22-1.62 V vs. RHE; 

increasing coverage implies increasing thickness. Values for the first order 

electrochemical rate constant khet in ms-1, calculated through digital simulation in the 

same conditions as obtained in Figure 5.17.  
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Figure 5.19. Effect of the addition of cyanide to FeEDTA feedback on Pt.  

Etip = -0.2 V vs. NHE; d = 2.6 µm for curve without cyanides (orange) and d = 2.3 µm for 

curve with cyanides (blue). Solution is 0.89 mM Fe(III)[EDTA]- in pH = 6.8, 0.1 M 

Phosphate buffer. Esub as indicated versus RHE. iT,lim indicates average maximum 

feedback limit observed experimentally, curves are normalized to this value to correct for 

the different distance used.  
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was recovered. Cyanide adlayers are not expected to cause a significant tunneling effect, 

and in principle do not block all available sites at Pt,57 although they drastically change 

inner-sphere processes.58 This result strengthens our suggestion that there is a link 

between the formation of the reactive surface oxide and that of FeEDTA feedback, and 

that this relationship is of a chemical nature. The addition of cyanides to the MV and 

ferricyanide systems had no impact on their feedback behavior.  

These oxide effects are also relevant to inner sphere electrocatalytic processes that 

may be affected by coverage of oxide, e.g. when non-adsorbed reaction intermediates are 

reactive with the oxide. This includes complex reaction mechanisms, such as the oxygen 

reduction reaction, where oxidizable species, e.g. hydrogen peroxide,21,59 might be 

released at potentials where sub-monolayers of oxide are present. Alcohol 

electrooxidations may also generate homogeneous species under similar conditions.60 

Although these are far more complex mechanisms than the reactions in this study, some 

electrocatalytic systems such as the oxidation of formic acid,61 hydrogen62 or hydrogen 

peroxide63 may be treatable by the SI-SECM mode.  

 

5.6 CONCLUSIONS 

 

We have introduced the use of the surface interrogation mode of scanning 

electrochemical microscopy, SI-SECM, for the in-situ determination of the kinetic 

parameters of the reaction of Pt oxides with redox mediators of different reducing power; 

measurements in the SI-SECM mode are performed at open circuit, so this allows us to 

obtain information about the chemical reactivity of these species through a versatile 

electrochemical setup. A simulation model that takes into account the formation of 



 189 

limiting surface amounts of oxides as well as their differential reactivity was used to fit 

the SI-SECM results obtained by the use of CV for the generation of the reducing 

species. Reasonable fittings were obtained across a space of different mediators, single 

and multiple-layered coverage values, scan rates and pH. The kinetic constants for the 

reduction of the oxide formed at θOX > 0.5 (QOX > QH), identified as the “place 

exchanged” oxide, were in agreement with the driving force of the process, which 

depended on the E0 of the mediator and the pH. The results could be fitted successfully to 

a Marcus parabolic model, where only the forward side is observed; a value of the 

reorganization energy for the reduction of the oxide is estimated to be λ = 1.3 ± 0.3 eV. 

We further investigated the steady state reactivity of the oxide covered Pt 

substrate with the reduced mediators under conditions of electrochemical feedback. The 

electrochemistry of MV and ferricyanide oxidation appears not to be disturbed by the 

presence of the Pt oxide; however FeEDTA showed an initial increase in feedback signal 

followed by a decrease, which traces with changes in the oxide coverage and with the 

predicted chemical reactivity using the kinetic parameters obtained by SI-SECM. Our 

results suggest that changes in the electrochemistry of FeEDTA come as a consequence 

of its chemical reactivity with Pt oxides rather than on phenomena such as electron 

tunneling. Pt oxides are present in numerous electrocatalytic reactions, where the study of 

their reactivity with species in solution is of clear interest for the understanding of the 

mechanism of relevant reactions.           
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Outlook 

 

The Surface Interrogation mode of SECM was developed in the course of this 

study and applications to the study of electrocatalytic and catalytic systems, including 

reduction and oxidation reactions, were investigated. Additional features were exploited, 

such as the determination of kinetic constants from its combination with powerful 

simulations. The studied molecules, H, O and CO, represent the smallest and possibly 

most packed adsorbates in typical electrocatalysts, e.g. on Pt. Improvements in the 

reduction of background currents should allow access to the detection of larger 

adsorbates or of those in smaller quantities. Much is to be done about the development of 

sensitive and selective systems for specific adsorbate recognition, and chemistry is a 

good ally of the experimenter. The elucidation of surface reaction mechanisms in 

electrochemistry through quantitative techniques is of great interest. Single electrode 

experiments, where the most recurred controlled variable is the potential of the electrode, 

lack the required versatility to address these challenges on their own. The example of the 

detection of carbon monoxide through electrogenerated bromine gives a good example of 

the development of new surface chemistry through the addition of a chemical component 

to the system. Tricks are to be found to rid the system from the open circuit feedback 

limitations; if this is achieved, then tip sizes can be reduced and access could be gained to 

a whole new area of analysis of surface domains, maybe even nanostructures. The study 

of catalytic processes at insulator materials is to be developed and surely of interest.  
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Appendix A. Fabrication of PTFE Selectively Insulated Microelectrodes 

A.1  MOTIVATION  

A method for protecting and selectively exposing regions of electrodes to make 

single micro electrodes or micro-arrays of them is presented. Scanning electrochemical 

microscopy (SECM) in the tip generation – substrate collection (TG-SC) mode1,2 has 

been successfully used in the design and screening of oxygen reduction electrocatalysts.3-

6 Figure A.1 shows a schematic of the operation of the TG-SC SECM mode. The tip 

locally generates a species which diffuses across the tip-substrate gap and undergoes an 

electrochemical reaction at the substrate electrode. For many applications, such as in 

electrocatalysis research, the substrate electrode consists of an array of spots made of 

potentially catalytic materials that are deposited onto an “inert” conductive substrate such 

as glassy carbon (GC). The probe is scanned close to the substrate to produce an image of 

the electrochemical activity of the substrate by plotting the substrate current as a function 

of tip position. The activity increases when the probe passes over an electroactive spot 

and the spots with more facile kinetics for a given reaction (at a given potential) show 

higher electrochemical activity, which increases the substrate current.  

Note however that the substrate current is the sum of the contributions from the 

background current of the entire substrate electrode plus the local response induced by 

the species generated at the tip. While the substrate is considered to be inert to the 

electrochemical reaction of interest, there is, in fact, a background current that can be 

traced to the presence of oxidation or reduction reactions, e.g., due to traces of 

electroactive impurities or surface processes. 

 In practice the background current that is read at the substrate electrode (diameter 

~ 1 cm) can dominate over the response at a given spot generated by the diffusing species  
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Figure A.1. Schematic of a TG-SC experiment for electrocatalyst screening. 

R represents a reactant, initially in solution; P the electrogenerated species at the tip; P’ 

the product after reaction of P at the substrate. P’ and R may be the same species 

depending on the substrate reaction.  
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produced at the small tip (diameter ~ 25 µm). Generally, the spots must be small enough 

and at the same time far apart so that the perturbation at the substrate depends only on the 

localized interaction between the probe and one single spot. This implies that even if the 

catalysts are prepared with a relative high density of spots, there will be a contribution 

from the background of the substrate material as the tip travels from spot to spot. 

Moreover, in practice it is desirable to have free substrate regions for tip positioning and 

tip scans to correct the substrate tilt, which increases the exposed substrate area.  

Background correction is complicated because small changes in the experimental 

conditions and the history of the substrate electrode can cause the substrate background 

to drift. To reduce the background one must minimize the exposed area of the supporting 

electrode (e.g., glassy carbon) without compromising the TG-SC experiment. The area of 

the electrode must be selectively insulated and exposed in only small regions of the 

supporting electrode that are necessary to provide electrical connection to the spots. This 

will scale the background current proportionally to the reduction of exposed area.  

With the goal of selectively insulating the substrate electrode, the choice of the 

insulating material is important.  Ideally, it should be electrochemically inert and resistant 

to different chemical and physical environments such as strongly acidic, basic or 

nonaqueous solutions, irradiation and the temperatures used. A few strategies exist on the 

direct modification of electrodes in order to decrease the background currents,7-9 however 

the materials used in these are not suitable for many studies and we sought to provide a 

method that would provide polytetrafluoroethylene (PTFE or Teflon)-like materials,10 

which show chemical inertness and resistance to aggressive environments and are 

commercially available.11 Electrodes similar to the ones described here have been 

prepared with photoresist resins12 but even mild electrochemical treatments can damage 

coatings of these and even with advances in photoresist technology13 we are unaware of 
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resins that can compete with the stability of PTFE. To our knowledge, no catalytic 

behavior has been observed in PTFE and reports of electrochemical modification of this 

polymer require unusual conditions and setups.14 

Finally, although the electrodes described in this article are aimed at reducing the 

background currents in SECM, this approach may be useful in the fabrication of 

ultramicroelectrodes15 and in the study of diffusion interactions in arrays.12, 13,16 

 

A.2 EXPERIMENTAL 

 

Electrochemical Measurements. Solutions were prepared with deionized Milli-Q 

water. Ferrocenemethanol (FcMeOH, Aldrich) and hexaammineruthenium(III) chloride 

99% (Ru(NH3)6Cl3, Strem Chemicals, Newburyport, MA) were used as received. The 

solutions were bubbled with Ar prior to any electrochemical experiment and kept under 

an Ar blanket during the experiment. All electrochemical measurements were performed 

using either a CHI900 or CHI900B SECM (CH Instruments, Austin, TX). Substrate 

electrodes consisted of GC plates 1 mm thick (Alfa Aesar, Ward Hill, MA) cut into 

squares of either 1 × 1 cm or 1.5 × 1.5 cm. They were polished with SiC paper 1000 grit 

(Buehler, Lake Bluff, IL) and sonicated in MeOH prior to any modification. SECM 

measurements and imaging experiments were carried out with a 25 µm diam Pt tip with 

an RG of 6 to 7, fabricated as described elsewhere.1 The counter electrode was a Pt wire. 

A hydrogen electrode6 was used for the studies of electrocatalysts and a Ag/AgCl 

(saturated KCl) was used for experiments with FcMeOH and Ru(NH3)6Cl3, however all 

potentials are with respect to a normal hydrogen electrode (NHE) . The supporting 

electrolyte for FcMeOH and Ru(NH3)6Cl3 was 0.1 M phosphate buffer prepared by 
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dissolving dibasic sodium phosphate and adjusting to pH 7 with phosphoric acid 85%; for 

H+/H2 TG-SC experiments, 50 mM K2SO4 (Certified A.C.S, Fisher) acidified to pH 3 

with sulfuric acid (Certified A.C.S. Plus, Fisher) was used.      

Fabrication of selectively insulated substrate electrodes.  Figure A.2 depicts the 

fabrication steps of the substrate electrodes. In step 1, the pieces of GC are mounted on a 

metal stage and aligned to a T-shaped piece of metal to allow for repositioning the 

electrode in the following steps. A piezoelectric microdispenser model MJ-AB-01-60 

(Microfab, Plano, TX) with an orifice of 60 µm, controlled by a CHI1550 Pico Dispenser 

(CH Instruments, Austin, TX), were used to dispense a 1:1 by volume solution of  

Microposit 51813 Positive Photoresist (Rohm and Haas Electronic Materials, 

Marlborough, MA) and n-hexanol (Acros Organics, NJ). The parameters used for 

dispensing were a jet pulse of 80 V, 50 µs pulse width and 1 s between pulses. No 

attempt was made to exploit the photochemical properties of the photoresist, instead we 

take advantage of the fact that, when dried, it is insoluble in water but is highly soluble in 

acetone, in which it also swells with an appreciable change in volume. Hexanol is used to 

reduce the viscosity of the solution, also slightly decreasing the surface tension and the 

evaporation rate of the photoresist, which is critical for dispensing efficiently without 

clogging the microdispenser. Arrays of photoresist spots can be designed using this 

technique. After the resin is dispensed, a soft bake at 100 ºC for 2 min in an oven is 

performed on the substrate to allow the resin to dry completely.  

Step 2 consists of covering of substrates with PTFE. A 60 wt. % dispersion of 

PTFE in water (Aldrich) was applied dynamically (typical charge of 8 drops/cm2) using a 

model EC101 Spin Coater (Headway Research, Inc. Garland, TX) at a speed of 3000 

rpm.  The full charge was usually delivered during 10 s and was allowed to remove 

excess material and spin dry during 50 s. Further air drying improved the success rate for  
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Figure A.2. Steps for the fabrication of  insulated GC microelectrode arrays.  

1: microdispensing of photoresist array. 2: spin coating with PTFE.  3: opening of spots 

in an acetone bath. 4: illustration of the side view of a cross section of an open array.  5: 

sintering of the PTFE layer.  6: redispensing over the holes with catalyst precursor. 

 

 

 

3a 3b 3c 
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the opening of the holes, but the electrodes must not be oven dried. In step 3, the dry 

electrodes are then taken to an acetone bath at room temperature for a short time; this is a 

critical step in the development of the array of holes. The substrates are rapidly immersed 

in acetone while strongly agitating them in the bath for about 10 s. During this time, 

depicted in the progression from sub steps 3a, 3b and 3c, the acetone permeates through 

the PTFE layer, swells the resin and breaks away the material that is on top of the 

photoresist spot, leaving a hole. Just enough time is needed for this to happen and longer 

exposure can affect the integrity or the PTFE layer. The substrates are then taken out of 

the bath and the excess acetone is gently removed by tilting the electrode over a paper 

wipe; at this point no resin is left on the electrode and the holes can be observed with a 

microscope; step 4 depicts a cross sectional side view of an electrode at this stage.   

In step 5 the PTFE layer is sintered. The substrates were heated to 350 ºC for 20 

min with a heating ramp of 7 ºC/min in a F21100 Tube Furnace (Barnstead International, 

Dubuque, IA) under a constant Ar flow and allowed to cool down to room temperature. 

At this point the electrodes are fully functional. Step 6 represents the deposition of a 

material of interest in the exposed spots. Only minor adjustments are needed to 

redispense test materials in the spots of the array.  

Testing of insulated electrodes. Electrodes without holes were tested for pinholes, 

they were prepared by only spin coating the PTFE and sintering as described above. 

Electrochemical measurements were done with a 0.3 mM solution of ferrocenemethanol 

97% (Aldrich) in 0.1 M phosphate buffer. The area exposed to solution was, A = 3.21 × 

10-5 m2 (3.2 mm radius). Approach curves were obtained by using ferrocenemethanol as 

mediator.  

Electrodes with an array of holes without redispensing any other material on top 

of the revealed holes were tested by SECM imaging and chronoamperometry. The redox 
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mediator used for these measurements was 1 mM hexaammineruthenium(III) chloride. A 

typical substrate electrode with an array of 29 holes (7 × 4 plus an indicator spot) with a 

center-to-center distance of 600 µm was used. Each hole had a typical diameter of 175 

µm. 

For electrocatalyst proof of concept testing, Pd spots were prepared by dispensing 

0.1 M solution of ammonium tetrachloropalladate(II) 99.995% (Aldrich) in 3:1 V/V 

water:glycerol in the holes of a developed electrode covered with PTFE. The number of 

drops on each column of the array was varied, so as to yield the following pattern: 

Column #1 - 20 drops, column #2 - 16 drops, column #3 - 12 drops, column #4 - 8 drops, 

column #5 - 2 drops, column #6 - blank, column #7 - 16 drops. The precursor solution 

was dried at 180 ºC under Ar (1 atm) for 1 h, reduced under H2 (1 atm) at 350 ºC for 1 h, 

and cooled under Ar (1 atm) with heating ramps of 5 ºC/min. The electrochemical cell for 

this case had an area of  6.36 × 10-5 m2 (4.5 mm radius). 

 

A.3 CHARACTERIZATION 

 

The PTFE layer that is obtained over the GC pieces after sintering shows good 

mechanical properties, it is possible to manipulate them in the electrochemical cell with 

only minor damage by accidental scratches. The layer also passes the “Scotch tape” test 

and is able to resist up to 20 min of sonication in water, after which it starts to peel off 

from the edges of the GC plate. Figure A.3 panel A shows the results of comparing a bare 

GC electrode with a covered one without revealed holes; for the conditions used, the bare 

electrode shows a behavior in accordance to the expected currents from the Randles-  
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Figure A.3. Insulating properties of a PTFE layer over a GC electrode.  

(A)Cyclic voltammogram of ferrocenemethanol on a bare and on a completely PTFE-

covered GC electrode. The inset shows the covered electrode on a different scale. ν = 20 

mV/s. (B) Normalized approach curves; comparison between the theoretical response 

(RG = 10) over an insulator and the experimental approach using ferrocenemethanol as 

mediator over the PTFE-covered electrode (approach speed 3 µm/s). Solution for both 

experiments is Ar bubbled 0.3 mM ferrocenemethanol in 0.1 M phosphate buffer pH=7.   

 

(A) 

(B) 
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Sevcik equation for the electrochemistry of ferrocenemethanol (oxidation peak current, 

ip,a = -9.6 µA with D = 7.8 × 10-10 m2/s)17 while the covered electrode shows a purely 

capacitive response. This indicates that the surface of the electrode has been blocked with 

a decrease in the capacitance of almost 5 orders of magnitude (as evaluated from the 

capacitive current at 0.3 V vs. NHE), demonstrating that this blockage arises not from the 

loss of activity of the GC but rather from the presence of an insulating layer. Further 

evidence of the good insulating properties of the layer comes from SECM approach 

curves on a completely covered substrate shown in Figure A.3 panel B. The bare GC 

electrode shows positive feedback under these conditions (not shown), while the 

approach curve over a PTFE-covered substrate fits the theory for negative feedback for 

an insulating substrate very well. Such approach curves are also observed on the insulated 

parts of the electrode after the holes are opened.  

From the variation of the capacitive current with scan rate we can estimate the 

thickness of the layer.  We start from the definition of capacitance in electrostatics, 

Equation A.3.1:  

 

d

A
C matε

=             (A.3.1)                                    

 

where C is the capacitance, εmat is the permittivity of the material, A is the area of the 

electrode and d is the thickness of the material. The permittivity of the material can be 

obtained from the relative permittivity εr (for PTFE, εr  = 2.1) and the permittivity of 

vacuum εvac (8.854 × 10-12 F/m) according to Equation A.3.2: 

 

vacrmat εεε =          (A.3.2)                                    



 204 

thus for PTFE, εmat = 1.859 × 10-11 F/m. The capacitive current per unit area, Ic, is 

proportional to the scan rate, ν, and the proportionality constant is the capacitance C:   

 

νCI c =          (A.3.3) 

 

Figure A.4 shows that a plot of Ic versus ν gives a straight line for a PTFE covered 

electrode. The slope equal to C = 1.72 × 10-9 F is used to obtain the approximate 

thickness of the film from equation A.3.1 with A= 6.35 × 10-5 m2 which leads to the 

thickness d = 0.7 µm. 

Figure 3 shows typical micrographs of the holes that are obtained. Figure A.5 

panel A shows a hole that has been successfully formed after immersion in acetone; the 

shape and dimension of the hole correspond well to the size of the dispensed spot of 

resin.  Notice also the clear cut edges that are left behind after the material on top of the 

spot has been removed by the swelling of the resin. Provided the protocol described in the 

experimental section is followed, a 100% efficiency in the opening of the holes of an 

array was achieved (i.e. all the dispensed spots were opened). For comparison, an 

example of a spot that was unsuccessfully revealed is shown in Figure A.5 panel B; the 

photoresist dissolved but the PTFE on top of the spot was not removed. This behavior 

was usually encountered when the PTFE layer was too stiff and impermeable (as happens 

with oven drying before revealing the spots). Figure A.5 panel C shows an example of a 

drop of Pd solution that was dispensed on a hole. If the orientation and position of the 

electrode with respect to the dispenser are maintained with the T-shaped piece, it is easy 

to deliver material reproducibly into each hole of the array. Figure A.5 panel D shows an 

example of the final Pd spot in electrical contact, surrounded by a limited area of the GC 

substrate exposed to the solution. 
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Figure A.4. Capacitive current vs. ν for a PTFE covered GC electrode.  

Plot of capacitive current versus scan rate for an electrode with A= 6.35 × 10-5 m2 and in 

contact with a 50 mM aqueous KCl solution. Ic is measured at 0.2 V vs. NHE.  
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Figure A.5. Microphotographs (250µm × 330µm) of holes on PTFE-covered GC.  

(A) Revealed spot; the dashed line indicates the original size of the resin spot, and the 

edge left behind by the removed PTFE is emphasized in brown. (B) Unsuccessful 

breaking away of the PTFE layer over a resin spot; the dashed line indicates the original 

size of the resin spot, and the blue arrow indicates light interference rings characteristic 

of the presence of the PTFE layer. (C) Redispensed drop of Pd solution over a revealed 

hole. (D) Typical appearance of a Pd spot after drying and reduction under H2 (350 °C). 
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The number and size of resin solution (1:1 v/v in hexanol) drops is the main factor 

in determining the diameter of the holes. Figure A.6 shows a plot of the size of the spots 

versus the number of drops of resin dispensed. It is clear that a complete control of the 

size is not attainable by this method; however, it provides an approximation to obtaining 

a desirable micro hole size within an error of ~ 50 µm. In addition, the size of the spots 

will in general depend on the substrate material and on the microdispenser-substrate 

distance. In general, smaller distances provide smaller drops and increasing the number 

of drops increases the size as shown in Figure A.6 with the minimum size determined by 

the first drop. In the case of the material, several other factors come into play such as the 

wetability of the substrate and its previous history.   

Redispensing more resin on previously dispensed spots increases the resin spot 

thickness. Following the same dispensing program, it was possible to dispense more 

material over the previously formed spots with practically no increase in the diameter of 

the spot provided the first spots were left to dry at least partially (2-3 minutes after initial 

dispensing). We consider this is important especially for small spots because if the 

amount of resin is not enough, the breaking of the PTFE on top of them is difficult. In a 

sense, one can pile up more material thus ensuring that the swelling of the resin will be 

enough to form the hole. Smaller diameters can be reached provided a microdispenser 

with smaller aperture is available, in which case a spot with more material will surely 

allow better results when revealing the holes in the acetone bath. Controlling the 

wetability of the material, the viscosity of the solution and the substate-dispenser 

separation will allow for a better reproducibility of spot diameter. 
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Figure A.6. Control of GC spot size by dispensing of resin drops.  

Sizes were obtained approximately through inspection in the optical microscope. Error 

bars indicate the standard deviation on the diameter (4 measurements per point).   
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Figure A.7 shows an SECM image of an array of GC holes. The solution 

contained 1 mM Ru(NH3)6
3+ which is reduced at the tip to Ru(NH3)6

2+ (ET = -0.2 V vs. 

NHE) while the GC substrate performs the opposite oxidation reaction (ES = 0.2 V vs. 

NHE). At this substrate potential the Ru(NH3)6
3+ is stable (E1/2= 0.01 V vs. NHE), so an 

anodic current flows only when the tip passes over active spots on the substrate (holes). 

Except for some small defects in the PTFE layer that may be the result of isolated drops 

of resin or tip scratches during positioning, the image proves most of the surface is 

covered with an insulating layer: the homogeneous background of ~ 1.5 nA and the large 

contrast between this and the -16 nA of the active spots. Note that although the 

background is cathodic (positive current), the signal is about ten times higher than the 

background in absolute terms, and that this corresponds to a collection efficiency of 

nearly 100%  of the amount produced at the tip (iT,∞  = 7 nA, tip-substrate distance d = 

12.5 µm, so L = 1 and positive feedback is ~ 2.2 iT,∞). Figure A.7 also indicates that the 

electrochemistry of the substrate after removal of the resin is intact, thus providing an 

efficient wet procedure to produce such holes. One apparent drawback of the wet 

procedure however is that by an estimation of the expected positive to negative feedback 

currents at the SECM tip, the thickness of the insulating layer is of approximately 2 µm. 

We have not studied the homogeneity of the film and we focus only in its ability to 

remove electrochemical background for SECM experiments. The calculated thickness of 

0.7 µm from the capacitance of the film could correspond to an average thickness, and in 

any case, the range of 0.7 µm to 2 µm is tolerable for most SECM TG-SC studies.  

Figure A.8 shows the comparative results of the signal and background levels 

with and without covering of PTFE. The electrochemical background drops from 91 nA 

with a bare electrode to 2 nA with a covered electrode with holes, representing a  
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Figure A.7. SECM image of a PTFE-covered GC-microarray substrate.  

Solution is 1 mM Ru(NH3)6 in 0.1 M phosphate buffer, pH = 7. Tip is 25 µm in diameter 

and L = 1 (d = 12.5 µm). Potentials vs. NHE: tip, -0.2 V; substrate, 0.2 V. Tip raster, 240 

µm/s; quiet time before imaging, 30 s. 
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Figure A.8. Background reduction in PTFE-covered GC microarray.  

Comparison of the electrochemical background signals as obtained by 

chronoamperometry (steady state after 500 s) to a cross section of the image shown in 

Figure A.7 at x = 200 µm.  
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45-fold decrease in the background current. Following geometric arguments, the ratio 

between the exposed area of the bare electrode (3.21 × 10-5 m2) to the one resulting from 

the product of 29 holes of 175 µm diameter (6.97 × 10-7 m2) is equal to 46, in close 

agreement to the observed decrease in the background current.  

   

A.4  APPLICATION TO ELECTROCATALYST IMAGING 

 

One important area in which these covered electrodes are of use is in 

electrocatalyst screening by SECM. As shown in Figure A.5 panel D, it is possible to 

obtain arrays of holes in which a material of interest is deposited over the opened GC 

areas. These electrodes improve the SECM measurements by increasing the signal to 

background ratios, which is especially important when the background currents are 

drifting or noisy and that under some conditions may surpass by orders of magnitude the 

electrocatalytic response of the deposited material.  

Figure A.9 shows an SECM image of the electrochemical activity towards H2 

oxidation by Pd spots deposited over a selectively insulated GC electrode such as the 

ones described in this note. In brief, the tip reduces H+ in solution (pH = 3) to H2 at a 

constant flux (iT = 43 nA), which is oxidized at the Pd spots (ES = 0.8 V vs. NHE) and 

thus generates an anodic response. Two main differences from this and the experiment 

shown in Figure 4 are that the GC substrate at the potential and conditions used (e.g., 

highly oxidizing potential and acidic medium) will undergo surface oxidation and that the 

presence of metallic spots will increase the effective area and this contributes to the 

background current of the substrate. Comparison of the background in the SECM image 

in Figure A.9 (~ -20 nA) to the anodic response in Figure A.10 for a bare GC electrode  
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Figure A.9. SECM imaging of H2 oxidation on Pd over a PTFE-covered GC. 

Pd spots were deposited onto an array of GC holes on the PTFE-covered electrode. 

Potentials vs NHE: tip, -0.5 V, iT = 43 nA; substrate, 0.8 V. Tip raster 240 µm/s, quiet 

time 600 s before the start of the image. Numbers on top of the image represent the 

number of drops of Pd solution deposited over each hole (columns 3-7 are shown) as 

described in the experimental section. The 25 µm diameter Pt disk tip was positioned at d 

= 25 µm from the substrate.  Solution is 50 mM K2SO4 acidified with H2SO4 to pH = 3.  
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Figure A.10. Background currents for a GC electrode with and without Pd.  

Chronoamperometric curves of uncovered electrodes with and without Pd spots; potential 

vs NHE: ES = 0.8 V. The inset shows the two curves at long times in a different scale. 

Solution is 50 mM K2SO4 acidified with H2SO4 to pH = 3.  
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(~ -220 nA) under the same conditions shows that the background is reduced by about a 

factor of 10. The ratio of the exposed area from the bare electrode (6.36 × 10-5 m2 ) to the 

one exposed by the holes in the covered electrode (6.97 × 10-7 m2) would predict a 

background reduction of a factor of 91. Figure A.10 shows that despite the drifts on the 

background on either a bare GC plate or one with Pd spots (without PTFE), it is possible 

to attribute this discrepancy to the presence of the Pd spots. This means that even if the 

current coming from the oxidation of GC is suppressed 91-fold (i.e. the GC background 

in the SECM image should be ~ -2 nA), the contribution from oxidation at all of the Pd 

spots could well account for the -20 nA background observed in the SECM image; this 

number is in the same range as the difference between the two curves shown in the insert 

of Figure A.10 at long times. The presence of metallic spots thus limits the practical 

reduction in background coming from the array. Despite this, Figure A.9 is an improved 

SECM image under the conditions of the experiment and not only because of the tenfold 

decrease in the background. For instance, the background drift from the substrate 

electrode is approximately -5 nA during the whole experiment and with an analytical 

signal of -30 to -35 nA coming from hydrogen oxidation at the spots, it corresponds to a 

signal to noise ratio of ~ 6, which allows for straightforward detection of the 

electrocatalytic activity of the spots, a feature not attainable in traditional TG-SC SECM 

electrocatalyst experiments under these conditions.  

 

A.5 CONCLUSIONS 

 

We have developed a method for making substrate electrodes for SECM 

screening in which the background currents can be reduced in at least one order of 
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magnitude, and often more. Enhancing the signal to background ratio of the 

electrochemical response of the substrate electrode has been demonstrated in the TG-SC 

mode. The suggested technique allows one to create arrays of holes on a PTFE-insulated 

GC substrate to reduce the exposed area of the substrate exposed to the working solution 

and thus decrease the background current. Such a decrease is consistent with the 

reduction in the area in calibration experiments. When the metallic spots are deposited, 

their background contribution makes the signal to background ratio smaller than 

expected, although an enhancement in the image contrast is produced by reducing the 

impact of the background drift and size. The PTFE layer over the electrodes is chemically 

and electrochemically inert for most purposes and mechanically stable. The procedure 

described is also relatively simple, relatively inexpensive and easy to carry out. 

A final remark on the utility of the technique described in this work is the 

possibility of using it for the fabrication of microelectrode arrays of materials that are not 

easy to manipulate or to obtain as microwires. Commercial microdispensers with smaller 

end diameters are available, which may allow the reduction of the dimensions of the 

holes. The possibility of integrating these microholes into arrays also suggests their use to 

study array diffusion interactions or other generation-collection experiments.12,13  
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Appendix B. Publications derived from SECM work  

 

In this section are listed the publications derived from the work presented in this 

dissertation at the time of completion. Other projects in which SECM was used for the 

study of homogeneous and heterogeneous processes but that are not directly related with 

the SI-SECM mode are listed. In these projects, the author participated through 

experimentation, simulations and scientific discussion.  

 

Chapters 1 and 2 

 

Rodríguez-López, J.; Alpuche-Aviles, M.A.; Bard, A.J. Interrogation of Surfaces for the 
Quantification of Adsorbed Species on Electrodes: Oxygen on Gold and Platinum 
in Neutral Media. J. Am. Chem. Soc.  2008, 130, 16985-16995. 

 

Chapter 3 

 

Rodríguez-López, J.; Bard, A.J. Scanning Electrochemical Microscopy: Surface 
Interrogation of Adsorbed Hydrogen and the Open Circuit Catalytic 
Decomposition of Formic Acid at Platinum J. Am. Chem. Soc., 2010, 132, 5121–
5129. 

 

Chapter 4 

 

Wang, Q.; Rodríguez-López, J.; Bard, A.J. The Reaction of Br2 with Adsorbed CO on Pt 
Studied by the Surface Interrogation Mode of Scanning Electrochemical 
Microscopy. J. Am. Chem. Soc. 2009, 131, 17046-17047. 
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Chapter 5 

 

Rodríguez-López, J.; Minguzzi, A.; Rondinini, S.; Bard, A.J. The reaction of various 
reductants with oxide films on Pt electrodes as studied by the surface 
interrogation mode of scanning electrochemical microscopy (SI-SECM). Possible 
validity of a Marcus relationship. In preparation, expected submission in August 

2010.  
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1818.  
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Lin, C.-L.; Rodríguez-López, J.; Bard, A.J. Micropipette Delivery-Substrate Collection 
Mode of Scanning Electrochemical Microscopy for the Imaging of 
Electrochemical Reactions and the Screening of Methanol Oxidation 
Electrocatalysts. Anal. Chem. 2009, 81, 8868-8877.  

 

Jung, C.; Sánchez-Sánchez, C.M.; Lin, C.-L.; Rodríguez-López, J.; Bard, A.J. 
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7008.  
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