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ABSTRACT 

 

The effect of thermal spraying on the electrochemical activity of an anti-corrosion 

superalloy was studied quantitatively using scanning electrochemical microscopy 

(SECM).  The superalloy used was Inconel 625 (a Ni base superalloy) and thin coatings 

of this alloy were formed on mild steel using high velocity oxy-fuel (HVOF) thermal 

spraying.  The kinetics of electron transfer (ET) across the Inconel 625 

coating/electrolyte interface was studied using SECM employing ferrocenemethanol as 

the redox mediator.  For comparison, the kinetics of ET across stainless steel/electrolyte 

and bulk wrought Inconel 625/electrolyte interfaces were also determined using SECM.  

The standard heterogeneous ET rate constant, k0, for ferrocenemethanol reduction at 

stainless steel was 1.30.510-4 cm s-1, compared to 7.70.810-4 cm s-1 at the wrought 

Inconel 625 surface.  However, at the HVOF-sprayed Inconel 625 surface, the kinetics of 

ET varied across the surface and k0 for ferrocenemethanol reduction ranged between 

~210-4 cm s-1 and ~510-3 cm s-1.  These results clearly demonstrate that SECM can be 

used to quantify the effect of thermal spraying on the electrochemical properties of 

Inconel 625 and that thermal spraying results in an electrochemically-heterogeneous 

surface. 

 

Keywords:  Thermal spraying, electron transfer kinetics, ultramicroelectrode, 

superalloy 
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1. Introduction 

 

 Thermal-sprayed corrosion resistant coatings are used in a wide variety of 

industries to enhance the lifetime of engineering components [1].  A number of thermal 

spraying methods are available and include arc spraying, detonation gun spraying, low 

pressure plasma spraying and high velocity flame spraying [2].  The introduction of high 

velocity oxygen fuel (HVOF) spraying was one of the most significant developments in 

thermal spray technology and involves using a supersonic flame-jet to spray a feedstock 

powder through an expansion nozzle onto a substrate surface [3].  The jet accelerates 

and melts the powder particles, which upon impact with the substrate, deform and 

adhere by mechanical interlocking.  HVOF processes use lower temperatures and higher 

velocities than other thermal spray processes, which results in more compact and better 

quality coatings than are obtained using many other thermal spray processes.  A range 

of coatings have been formed using HVOF spraying, including metal carbide [4], cermet 

[5], ceramic [6] and polymer coatings [7].  

 One of the drawbacks of thermally sprayed coatings including HVOF coatings is 

that they do not offer the same level of corrosion resistance as the corresponding bulk 

alloys.  Optimum coating performance is only achieved if the coating is free of 

interconnected pores and inclusions as these are potential sources of localized attack 

[8].  However, HVOF coating microstructures are dominated by inter-particle (splat) 

boundaries, which contain pores and inclusions that are often depleted of alloy 

elements [9].  As a result, the passivating films that form on these surfaces may not 

cover the metal surface uniformly resulting in less than optimum corrosion resistance.  

Therefore, visualization of the uniformity of the coating surface reactivity, as well as 



   

4 

 

measurement of the corrosion resistance of these coatings, is important for optimising 

their performance [10].   

 Scanning electrochemical microscopy (SECM) is an extremely powerful tool for 

obtaining spatially resolved reactivity information from surfaces.  SECM is an 

electrochemical scanning probe technique that uses the faradaic reaction occurring 

between an ultramicroelectrode (UME) and a substrate surface as the analytical signal.  

The position of the UME (the SECM tip) is controlled using piezoelectric positioners and 

it can be moved perpendicular or parallel to the substrate to obtain information about 

the surface conductivity or reactivity [11].  SECM has been used to visualise the local 

electrochemical activity of materials such as iron [12], stainless steel [13, 14], anodized 

aluminium [15-19] and titanium oxide [20-22].   

 SECM was recently used to visualise the electrochemical activity of thin coatings 

of Inconel 625, a Ni base superalloy that is used as a corrosion-resistant material [23].  

In this paper, we describe the use of SECM to quantify the effect of the HVOF process on 

the electron transfer (ET) reactivity of HVOF-sprayed Inconel 625.  Furthermore, we 

compare the electrochemical activity of HVOF-sprayed Inconel 625 coating with that of 

a stainless steel substrate and a bulk wrought Inconel 625 substrate.  SECM feedback 

approach curve experiments, in which ferrocenemethanol was used as a redox 

mediator, were used to determine the rate of ET across the interface between each 

substrate and an aqueous electrolyte.  This analysis reveals that, in general, Inconel 625 

is more electrochemically active than stainless steel.  However, the HVOF process 

introduces heterogeneity to the surface of Inconel 625, which can be quantified by 

variations in the heterogeneous ET rate constant, k0, when measured at different 

locations on the coating surface.   
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2. Experimental 

 

2.1 Materials and Apparatus 

 

 Inconel 625 powder (particle size 20-53 µm) was obtained from William 

Rowland Ltd. (Sheffield, UK).  Wrought Inconel 625 was from Special Metals 

Corporation (Hereford, UK) and mild and stainless steel substrates were from Smith 

Metals (Bedfordshire, UK).  Thin coatings (approximately 300 m thick) of Inconel 625 

were formed on mild steel substrates using a Met-Jet II liquid fuel HVOF system 

(Metallization Limited, Dudley, UK) using the method described previously [23].  Pt 

wire (25 µm diameter) was from Goodfellow (Huntingdon, UK) and all chemicals were 

obtained from Sigma Aldrich and were used as received.  Electrochemical experiments 

were performed using a Model 910B Scanning Electrochemical Microscope from CH 

Instruments Inc. (Austin, TX), a 12.5 m radius Pt disk SECM tip (described below), an 

Ag|AgCl reference electrode and a Pt wire counter electrode.  Electrolyte solutions were 

prepared using Milli-Q deionised water (18.2 M).  

 

2.2 Electrode Fabrication and Electrochemical Measurements 

 

 SECM tips were prepared by sealing 12.5 µm radius Pt wire in borosilicate glass 

and polishing the tip surface using the methods described previously [24].  The tip was 
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sharpened using a microelectrode beveller (Model BV-10 from Sutter Instruments, 

Novato, CA) to reduce the RG ratio of the tip (RG = rg/a, where rg is the radius of the 

insulating glass sheath and a is the Pt disk radius) to approximately 10.  Prior to use, all 

substrates were polished using 1µm diamond polishing paste and, when required, 

electrical contact was made to the back of the substrate using copper wire.  SECM 

experiments were performed by placing a drop of electrolyte (0.1 M K2SO4), containing 

1 mM ferrocenemethanol (FcOH) as the redox mediator, onto the substrate surface.  A 

Pt wire counter electrode and AgAgCl reference electrode were then placed into the 

drop of electrolyte and the SECM tip entered the drop from above. 

 

2.3 Surface Profilometry and Scanning Electron Microscopy 

 

 Before conducting SECM experiments the surface profile of all samples was 

measured using a Talysurf CLI 1000-3D profilometer (Taylor Hobson Ltd., UK).  An area 

of 5×5 mm was scanned using a 2 µm radius stylus at 500 µm s-1.  The average surface 

roughness was 0.043 µm, 0.048 m and 0.068 µm for stainless steel, wrought Inconel 

625 and the Inconel 625 coating, respectively.  The surface of each material was 

characterised using a Phillips  XL30 Scanning Electron Microscope.  Prior to imaging by 

SEM, the substrate surfaces were etched to reveal microstructural features.  The 

stainless steel and Inconel 625-coated steel sample were etched with 2% nital (2% 

nitric acid in ethanol) and wrought Inconel 625 was etched with aqua regia (1:3 

concentrated HNO3/concentrated HCl) for 10-15 seconds.  The etched surfaces were 

then rinsed thoroughly with deionised water and dried in air.  
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3. Results and Discussion 

 

3.1 Microstructural Examination of Inconel 625 Coatings 

 

 Figures 1A-1C shows SEM images of the surface of wrought Inconel 625 and the 

surface of the HVOF-sprayed Inconel 625 on mild steel substrates.  The wrought alloy 

(Figure 1A) consists of single face-centred cubic ゅfccょ ぐ-phase solid solution with Mo 

and Nb rich carbides at the grain boundaries [25, 26].  Figure 1 shows that the surface 

morphology of the coated sample (Figure 1B) was very different from that of the 

wrought alloy.  Approximately disk-shaped splats (black arrow in Figure 1B) were 

observed on the surface of the coated sample, as is common for HVOF-sprayed coatings 

of this material [23].  The black areas in Figure 1B are the splat boundaries (white 

arrow).  During the HVOF process some oxidation of the hot alloy particles occurs, 

which depletes the outer regions of the particles of chromium and this depleted and 

oxidised material is predominantly found at the splat boundaries.  It has been proposed 

that process-induced oxidation results in relatively poor corrosion resistance of the 

resulting coating [27].  

 

3.2 Cyclic Voltammetry at Pt, Inconel 625 and stainless steel 

 

 Figure 2 shows cyclic voltammograms recorded at a range of scan rates in 1 mM 

FcOH at Pt, wrought Inconel 625, HVOF-sprayed Inconel 625 and stainless steel 

substrates.  At the Pt substrate, the response was essentially reversible; the ratio of the 
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anodic and cathodic peak currents, ip,a/ip,c was approximately 1, the peak-to-peak separation┸ つEp was approximately 60 mV, the peak potentials, Ep,a and Ep,c, were 

independent of the scan rate, , and ip was proportional to 1/2.  However, the CVs 

obtained at the wrought Inconel 625 substrate (Figure 2B), the Inconel 625 coating 

(Figure 2C) and at the stainless steel surface (Figure 2D) were all markedly different to 

that obtained at Pt.  Ep for FcOH oxidation and reduction was greater than 500 mV in 

each case and increased as  increased, as expected for kinetically-controlled 

heterogeneous ET reactions.  In the case of the stainless steel surface, the peak due to 

reduction of FcOH was observed at approximately -0.1 V and the peak for FcOH was 

observed at approximately 0.7 V.  However, the oxidation peak was obscured by the 

presence of a large peak centred at approximately 1.1 V.  Unlike the peaks due to FcOH 

oxidation and reduction observed at each substrate surface, ip for this peak was 

proportional to , suggesting that it was due to a surface process.  To confirm that this 

was a surface oxidation peak, a CV was recorded at the stainless steel surface in blank 

K2SO4 and this is shown by the dashed line in Figure 2D.  The presence of this peak in 

the CV obtained in the blank electrolyte clearly shows that the peak was due to 

oxidation of the stainless steel surface.   

 

3.3 Measuring the Kinetics of Heterogeneous Electron Transfer using SECM 

 

 The kinetics of ET across the substrate/electrolyte interface can be measured 

using SECM feedback approach curves obtained when the tip process is diffusion 

limited [28].  The rate constant for heterogeneous ET across the substrate/electrolyte 
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interface, k, can be obtained by fitting an experimental current-distance curve to 

Equation 1: 

 

IT(L) = IS(1-IT
ins/IT

C) + IT
ins                                    (1) 

 

where IT(L) is the tip current at normalised distance, L, from the substrate, IT
C is the 

normalised tip current at the same L value for diffusion-controlled positive feedback at 

a conducting substrate: 

 

IT
C = 0.68 + 0.78377/L + 0.3315 exp(-1.0672/L)                    (2) 

 

IS is the normalised kinetically-controlled substrate current: 

 

IS = 0.78377/L(1 + 1/) + [(0.68 + 0.3315exp(-1.0672/L)]/[1 + F(L,)]                (3) 

 

where  = L,  = ka/D, a is the SECM tip radius, D is the diffusion coefficient of the 

redox species and F(L,) = (11/ + 7.3)/110 ‒ 40L).  IT
ins is given by Equation 4: 

 

IT
ins = 1/(0.15 + 1.5385/L + 0.58exp(-1.14/L) + 0.0908exp[(L ‒ 6.3)/(1.017L)])            (4) 
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 Equation 1 is valid in the range 0.01    1000 and, by fitting experimental 

approach curves to theoretical curves generated for various values of , the kinetics of 

electron transfer across the substrate/electrolyte interface can be measured.  In this 

study, the Pt SECM tip was held at 0.6 V to drive the diffusion-limited oxidation of FcOH 

to FcOH+ and a series of current-distance curves were recorded at each substrate at a 

range of substrate potentials [29].  For example, Figure 3A (solid lines) shows a series of 

experimental approach curves recorded at a stainless steel substrate as the substrate 

potential was systematically altered.  The increase in the tip currents in each curve as 

the substrate potential was made more negative shows that the rate of reduction of 

FcOH+ to FcOH at the substrate increased as the substrate potential became more 

negative.  The open circles in Figure 3A show the best fits for each curve obtained by 

fitting the experimental curves to Equation 1 and, from these fits, a  value was 

obtained for the substrate reaction at each substrate potential.  The best-fit  values 

(see Figure 3 legend) fall within the region of validity of Equation 1 (0.01    1000) 

and, using this data, Tafel plots of ln k (k = D/a) versus the overpotential,  ( = E - Eびｆ┸ 
where E0' is the formal potential of the FcOH/FcOH+ redox couple) were constructed.  

Figure 3B shows a typical Tafel plot obtained using the fits shown in Figure 3A.  Good 

linearity was observed in the Tafel plot indicating that valid kinetic measurements 

could be performed at this surface using SECM.  This procedure was repeated for the 

wrought Inconel 625 and the fitted SECM feedback approach curves and Tafel plot 

obtained at this surface are shown in Figure 4.  Good linearity of the Tafel plot was also 

obtained for the data obtained at the wrought Inconel 625.  Extrapolation of each Tafel 

plot to zero overpotential yielded kび values of な┻ぬ0.510-4 cm s-1
 and 7.70.810-4  

cm s-1 for the stainless steel substrate and the wrought Inconel 625 substrate, 
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respectively.  It is important to note that the rate of ET was measured in at least 3 

random locations on the surface and the error is the standard deviation of these 

measurements.  It is also important to note that feedback-mode SECM images of the 

wrought Inconel surface do not reveal any features indicating that the surface of 

wrought Inconel 625 is electrochemically homogeneous [23].   The transfer coefficient, 

, was determined from the slopes of the Tafel slopes and was 0.33 and 0.20 for the 

stainless steel substrate and the wrought Inconel 625, respectively, which are 

significantly lower than the value of approximately 0.5 expected for a simple outer-

sphere ET reaction.  However, these  values are close to that reported recently by 

Mirkin and co-workers for the Ru(NH3)6
3+/2+ redox couple at a stainless steel surface ( 

= 0.15)[14].  Notably. the k0 values measured for FcOH reduction at stainless steel and 

wrought Inconel 625 are orders of magnitude lower than the k0 values of between 0.2 

and 2.0 cm s-1 determined using carbon and Pt electrodes [30-32].  However, the k0 

values determined here are reasonably close to that determined by Mirkin for 

Ru(NH3)6
3+/2+ at stainless steel (~10-3 cm s-1).  It is highly likely that, as in the case of 

Ru(NH3)6
3+/2+ oxidation at stainless steel, both k0 and  are affected by the presence of 

the passive film on the substrate surface [14].   

 The radius of the area of the substrate that participates in the feedback loop 

during SECM experiments is r  a + 1.5 d, where d is the tip-substrate separation [28].  

Therefore, it is possible to perform local kinetic measurements using SECM feedback 

experiments.  Kinetic measurements were performed at a number of locations on a 

thermal sprayed Inconel 625 surface by first recording a feedback-mode image of the 

surface, which is shown in Figure 5.  The gradual increase in iT from the top to the 

bottom of Figure 5 is due to a slight tilt of the substrate.  However, this image shows 
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regions of higher and lower electrochemical activity, as was observed at thermal 

sprayed Inconel 625 coatings previously [23].  These regions of higher activity were 

approximately 50 m in diameter, which is twice the diameter of the SECM tip used in 

our experiments.  Therefore, based on the relative dimensions of the tip and the regions 

of high activity on the surface, it should be possible to perform kinetic measurements at 

these locations and detect differences in electrochemical activity.  

Feedback approach curves were recorded at a range of substrate potentials at 

each of the regions labelled a-f in Figure 5 and these are shown in Figure 6, along with 

the best-fits to the data generated using Equation 1.  Tafel plots of ln k versus  were 

constructed for each of the data sets obtained at the thermal sprayed surface and these 

are shown in Figure 7.  k0 values determined for FcOH+ reduction from the Tafel plots at 

each location are shown in Table 1.  The average k0 value at the ╉inactive╊ sites ゅa┸ b and 
c) on the sprayed surface was 2.760.8  10-4 cm s-1, which was lower than that 

measured at the active sites d, e and f (4.940.5  10-4 cm s-1).  Therefore, the brown 

spots in the feedback SECM images obtained at thermally sprayed Inconel 625 surfaces 

clearly correspond to regions of higher electrochemical activity.  It is important to note 

that the substrate roughness was such that topographic effects should be negligible 

during SECM imaging (see experimental section).  Therefore, the heterogeneity in the 

rate of FcOH+ reduction at the sprayed sample is clearly a result of the spraying process 

as such heterogeneity was not detected at the wrought Inconel 625 substrate.  However, 

it is clear from our data that the spraying process does not increase the average 

electrochemical activity of the surface significantly beyond that of the wrought material.  

In fact, the average k0 at the sprayed surface was slightly lower than that measured at 

the wrought alloy.  Therefore, it appears that the protective oxide that forms on the 
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sprayed surface hinders the electrochemical activity of the surface to a similar extent to 

the oxide formed on the wrought superalloy.  It is possible that the spraying process 

introduces local variations in the thickness of the oxide layer on the sprayed surface as 

it solidifies and it is these variations in the oxide thickness that are the source of the 

heterogeneity of the surface activity.  It is possible that the splat boundaries are the 

source of this heterogeneity as de-alloyed elements can be found in these regions.  We 

are currently exploring this concept further using surface analysis but, as our results 

here show, SECM is very useful for quantifying the effect of thermal spraying on the 

electrochemical activity of superalloys.    

 

4. Conclusions 

 

 In this study, SECM has been used to measure the rate of electron transfer across 

the interface between a thermal sprayed anti-corrosion superalloy (Inconel 625) 

coating and an aqueous electrolyte.  The rate of electron transfer from the coating to a 

redox species in solution was measured at discrete locations on the sprayed surface and 

the rate varied across the surface.  This data correlated very well that obtained using 

SECM imaging, which suggested that the sprayed surface was electrochemically 

heterogeneous.  In addition, the data obtained from the sprayed surface was compared 

with data obtained from samples of the bulk wrought superalloy and stainless steel.  

Our analysis reveals that, while the thermal spraying process introduces significant 

heterogeneity to the superalloy surface, the electrochemical activity of the coating is 

comparable to that of the bulk superalloy and higher than that of stainless steel. Thus, 
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for the first time, we have used SECM to obtain quantitative insights into the effect of 

thermal spraying on the electrochemical activity of corrosion-resistant superalloy 

coatings.  
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Table 1.   Standard heterogeneous electron transfer rate constants determined at 

the locations marked a-f in Figure 7. 

 

   

 

 

Location 

 

k0 / cm s-1 

 

 

a 

 

3.54  10-4 

b 2.01  10-4 

c 2.73  10-4 

d 5.23  10-4 

e 5.25  10-4 

f 4.33  10-4 
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FIGURE  LEGENDS 

 

Figure 1.  (A) SEM image of the surface of wrought Inconel 625.  (B) SEM image of the 

surface of HVOF-sprayed Inconel 625 coatings on mild steel substrates.  The black and 

white arrows show HVOF thermal-spray formed splats and splat boundaries, 

respectively.  (C) High magnification image of a splat boundary. 

 

Figure 2. Cyclic voltammograms obtained in 1mM FcOH in 0.1 M K2SO4 at (A) a 2 

mm diameter Pt disk, (B) wrought Inconel 625 (C) an Inconel 625 coating and (D) 

stainless steel.  All CVs were recorded at 10, 20, 30, 40 and 50 mV s-1 and the potential 

limits were (A) 0.0 to 0.6 V, (B) -0.2 to 0.6 V, (C) -0.2 to 0.6 V and (D) -0.4 to 1.2 V, 

respectively.  The dotted line in D shows the voltammogram obtained at stainless steel 

in blank 0.1 M K2SO4 at 10 mV s-1. 

 

Figure 3. (A)  Experimental SECM feedback approach curves (solid lines) obtained 

at a stainless steel surface using a 12.5 m radius Pt SECM tip.  The tip potential was 0.6 

V and the substrate potential was (from bottom to top) 0.05, 0.0, -0.05, -0.10, -0.15,  

-0.20, -0.25, -0.30, -0.35 and -0.40 V vs Ag|AgCl.  The open circles show the theoretical 

responses generated using Equation 1 with (from bottom to top)  = 0.064, 0.112, 

0.176, 0.288, 0.512, 0.849, 1.57, 2.40, 3.28 and 4.80.  (B) Tafel plots of ln k versus 

overpotential, , obtained using the data shown in A.  
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Figure 4.   (A)  Experimental approach curves (solid lines) obtained at a wrought 

Inconel 625 surface using a 12.5 m radius Pt SECM tip.  The tip potential was 0.6 V and 

the substrate potential was (from bottom to top) 0.10, 0.05, 0.0, -0.05, -0.10, -0.15, -0.20, 

and -0.25 V vs Ag|AgCl.  The open circles show the theoretical responses generated 

using Equation 1 with (from bottom to top)  = 0.321, 0.465, 0.673, 1.042, 1.522, 2.163, 

2.965 and 3.846.  (B) Tafel plots of ln k versus overpotential, , obtained using the data 

shown in A. 

 

Figure 5.   SECM image obtained at a HVOF-sprayed Inconel 625 coating on mild 

steel by recording iT as a 12.5 m radius Pt SECM tip was scanned in x-y plane at 250  

µm s-1.  The tip was held at 0.6 V to drive the oxidation of FcOH at a diffusion-controlled 

rate, the substrate was at open circuit potential and the tip-substrate distance was 4 µm 

(0.3 L).  The electrolyte was 0.1 M K2SO4, which contained 1 mM FcOH.   

 

Figure 6. Experimental approach curves (solid lines) obtained at HVOF-sprayed 

Inconel 625 coating on mild steel surface at active sites (a, b, c in Figure 5) and less 

active sites (d, e, f in Figure 5) using a 12.5 m radius Pt SECM tip.  The tip potential was 

0.6 V and the substrate potential was (from bottom to top) 0.15, 0.10, 0.05, 0.0, -0.05, -

0.10, -0.15, -0.20 and -0.25 V vs Ag|AgCl.  The open circles show the theoretical 

responses generated using Equation 1 with (from bottom to top)  = 0.080, 0.160, 

0.256, 0.353, 0.561, 0.785, 1.089, 1.410, and 1.923 at site a,  = 0.048, 0.144, 0.256, 

0.385, 0.641, 1.042, 1.522, 2.244 and 3.045 at site b,   = 0.080, 0.160, 0.321, 0.561, 
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0.962, 1.442, 2.163, 3.045 and 3.526 at site c,  = 0.160, 0.321, 0.481, 0.881, 1.362, 

2.434, 3.846, 6.410 and 10.417 at site d,  = 0.144, 0.304, 0.513, 0.897, 1.442, 2.244, 

3.205, 4.167 and 5.289 at site e and  = 0.112, 0.256, 0.369, 0.593, 0.962, 1.442, 2.244, 

3.205 and 4.167 at site f. 

 

Figure 7. Tafel plots of ln k versus overpotential, , obtained using the data shown 

in Figure 6.  (A) Tafel plots for the data obtained at active sites a (ッ), b (敗) and c (杯).  

(B) Tafel plots for the data obtained at less active sites d (敗), e (ッ) and f (杯). 
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