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The electroreduction of Pd
2+

 process in 1 M KCl at pH=1 solution by means of cyclic voltammetry and 

chronoamperometry methods on glassy carbon electrode was investigated. The mathematical 

modelling of deposition/dissolution of palladium was carried out with the use of the advanced two-

plate model. The kinetic parameters of investigated process were evaluated. A change of electrode 

properties during investigated process, as an essence of applied model, was extensively discussed.  
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1. INTRODUCTION 

Investigation of deposition/dissolution processes is the topic related to microscopic films, 

surfaces and coatings. The electrocrystalization processes are very interesting for surfaces structuring 

and modification in modern micro and nanotechnologies [1,2]. From classical electrodics point of 

view, preparation of modified electrodes and a change of electrode properties during electrode 

potential scan are also of importance. Due to theoretical and practical significance of pallad deposition, 

the process was a subject of many original [3-9], as well as review papers [10,11]. The papers [5,6] 

describe codeposition of Pd and Cu. A number of papers deal with hydrogen absorption in Pd [7,8,11]. 

The deposition of palladium plays an important role in the development of technologies in 

which the metal is used. Palladium coatings are of technological importance. Palladium reveals many 

useful characteristics as low electrical contact resistance and hence has found applications in switch 

fingers. Due to large hydrogen adsorption capacity, palladium into limited volume electrode and 

palladium layers are the most important model and reference metal for investigation in the area of 

hydrogen evolution and hydrogen electrosorption. The deposition of Pd and its mathematical model 
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results presented in this paper indicate a large change of electrode properties during the evaluation of 

electrode process. 

The problem of metal deposition/dissolution process at solid electrodes has been investigated 

by several authors, namely Brainina [12,13], Chevalier and co-authors [14], Mouhandes [15-17], 

Golgovici and Buda [18] and Grygar [19,20]
 
for metal oxide electro-dissolution. All of these presents 

experimental data and theories. Advanced mathematical models of respective stripping analysis are 

described in papers by Compton and co-authors [21-23] and Brainina [24]. In deposition of metals, a 

characteristic type of experimental CV response is often present: the response in which the reverse 

current line crosses over the forward deposition line in two points and, as a result, forms a loop on its 

cathodic part [25,26]. 

The rigorous general theory, coherently describing the system regarding cathodic-diffusion 

/anodic-adsorption peaks of different properties at solid electrode has been presented in previous 

papers [27,28]. The model describes different scan rate experimental responses with the loop on its 

cathodic parts including description of a change of electrode reaction rate constant during a scan time 

interval with growing coverage of electrode. The latter problem is connected with under- and over-

potential deposition of metals. The model covers not only a range of scan rate values but also different 

concentrations of reactant. 

Mathematical models of deposition/dissolution systems are useful in modelling actual problems 

which occur in stripping analysis, such as data processing and prediction of current response of multi-

component systems and deposits at solid electrodes, including alloys. Actually, there is a need to 

extend the deposition of metals modelling area on further metals of scientific and technological 

importance. 

 

 

 

2. NUMERICAL PROCEDURES AND EXPERIMENTAL PART 

The presented problems were solved with the use of ESTYM_PDE program written by K. 

Kaczmarski, previously described and compared with other relevant electrochemical software [29,30]. 

Various examples of solving electrochemical problems by means of ESTYM_PDE software were 

described in earlier original [27-37] and review [38] papers. The applied theory of electrochemical 

simulations is described in [39-45]; simulation packages are described in papers [45-47] (DigiSim®) 

and [43,48] (ELSIM). The correctness of our calculations with ESTYM_PDE program was confirmed 

by the test published in [30]; it was shown [30,35] that our results, obtained for representative example 

of calculations, are exactly the same as results obtained with the use of other software, e.g. DigiSim®. 

The applied numerical method of solution of partial differential equations (PDE) is based on 

orthogonal collocation method, the one widely discussed in the book of Villadsen and Michelsen [49] 

The orthogonal collocation on finite element method, in exactly the same form as depicted in papers 

50-53], was used in this work. To estimate model parameters, one of the best and fastest algorithms 

based on the least square fitting as proposed by Marquardt [54] in the version modified by Fletcher 

[55] was used. 
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The CV experiments were carried out with the use of PGSTAT100 voltammetric analyzer 

(Autolab Eco-Chemie). The glassy carbon electrode (GCE) of 2 mm diameter was used. Measurements 

were carried out at 298 ± 0.1 K. The reference electrode was an aqueous saturated calomel electrode 

(SCE) separated from the sample solution by a transition vessel with glass sinter. Auxiliary electrode 

was platinum wire. Chemicals of analytical grade were used. Solutions were deairated with the use of 

high purity argon. 

All errors for determined parameters were expressed by a standard deviation (SD). The 

nonlinear regression significance was evaluated with the use of  the standard deviation mean value 

(SD ) which was calculated from formula:  

 )/()-(SD
1

2

ii knŷy
n

i

 


,         (1)  

where yi – experimental and ŷi – estimated value of current, n – number of points, k – number 

of estimated parameters. To enable the comparison and averaging of different scan rate data, the SD  

values were standardized by dividing by v
1/2 

factor to obtain stSD  values. After standardization, the 

data for different scan rate were averaged to obtain the grand average values gast,SD . 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. The mathematical model  

The two-plate deposition-BET adsorption/dissolution model applied here takes into account the 

fact that during electrode process a change of electrode properties takes place [27,28]. Generally, as 

indicated in Introduction, (at least) two different electrode processes are being dealt with: Pd 

deposition on foreign surface (e.g. GCE) where the potential has to be more negative than on parent 

metal surface (e.g. GCE/Pd surface) in order to start nucleation process. In other words, the 

overpotential for the two processes is different. 

In considered two-electron electrode reaction runs in consecutive-parallel way on two plates 

i.e. on two different but mutually dependent parts of electrode surface. The same electrode reaction 

runs with different rate constant on the two plates: 
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where electrochemical (cm s
–1

) rate constants 
1
k1 = 

1
k–1, 

1
k2 = 

1
k–2 concern first plate reaction, 

2
k1 = 

2
k–1, 

2
k2 = 

2
k–2 concern second plate reaction (the left superscripts denote the number of plate: (1) 

or (2)). 

The working electrode is a shielded disk electrode and this gives linear symmetry to the 

system. It is, therefore, justified to consider the problem in one dimension x representing the 

coordinate axis which is perpendicular to the electrode surface with x = 0 being the electrode surface. 
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Mass balance for all species in solution consists of the following set of differential equations 

written for planar electrode: 
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with the following conditions: 

1). Initial conditions: 

for t = 0 and x > 0: 0

PdPd 22    cc , 0 
Pd

c , 0 
Pd
c ; 

for t = 0 and x = 0: 0 
Pd
Γ . 

2). Boundary conditions: 

a). for t > 0 and x = 0 (on electrode surface): 
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where cPd
2+

 and cPd
+
 – actual concentration of species Pd

2+
 and Pd

+
 in solution, cPd – actual 

concentration of species Pd within double layer limit, ΓPd – actual surface concentration of Pd in 

mol/cm
2
, ΓPd,s1 – the value of surface concentration at which total passing of reduction on second plate 
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takes place, α and β – cathodic and anodic transfer coefficient, E0 – equilibrium potential of redox 

couple. 

b). For t > 0 and x (in bulk solution): 
0

PdPd 22    cc , 0 
Pd

c , 0 
Pd
c          (9) 

This condition corresponds to concentrations of species (substrate and products) in the bulk 

solution. The position of this point from electrode surface depends on diffusion coefficient and 

experiment time and is considered to be diffusion layer thickness (δ = tD6 ). 

The introduced concept of "two plates model" assumes that electrode process runs with two 

different rates on two different electrodes i.e. GC (foreign) and Pd (own). That part of the model was 

mathematically described by two different kinetic equations included into boundary conditions 

regarding to electrode surface. The surface concentration of Pd (ΓPd) is a decisive parameter here. ΓPd,s1 

is surface concentration corresponding to totally Pd covered electrode. When ΓPd < ΓPd,s1 there are two 

parallel electrode reactions (reduction Pd
2+

 on GC electrode and reduction Pd
2+

 on Pd electrode) with 

gradually increasing reduction of Pd
2+

 on Pd electrode. When ΓPd ≥ ΓPd,s1 there is only one electrode 

reaction with reduction Pd
2+

 on Pd electrode (ΓPd = ΓPd,s1  the degree of deposition achieved monolayer; 

ΓPd > ΓPd,s1 the degree of deposition achieved more than monolayer (multilayer)). In other words, the 

diffusion flux is directed to two parallel electrode reactions but the system is dynamic i.e. contribution 

of the first and second plate in the total flux is time dependent. 

In the model, diffusion of species Pd
2+

, Pd
+
, Pd (Pd appears in double layer limit only) is 

considered (set of Eq. (4)). For species Pd, a metal of a very low solubility value, D = 10
–20 

cm
2
s

–1
 was 

assumed. The value of D for Pd was arbitrary assumed as close to zero what is justified by its physical 

sense i.e. with the fact that Pd does not move in solution and undergoes very strong adsorption. 

Furthermore, adsorption on electrode surface can be described by respective isotherm equation, 

namely BET model: 
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where the symbols ΓPd,s, K1, Kd correspond to maximum surface concentration of Pd in 

mol/cm
2
, adsorption equilibrium constants in BET isotherm, respectively. 

The amount of deposited metal is equal to excess surface concentration ΓPd in mol/cm
2
. It is 

assumed that ΓPd does not affect any step of electrochemical reaction (2) – (3). A solution of equation 

set (4) with respective boundary conditions (5) – (10) provides time dependent concentrations of 

species Pd
2+

 and Pd
+
 in solution and species Pd concentration on electrode surface in mol/cm

2
. 

The total current is calculated as the algebraic sum of currents for the two charge transfer 

reactions and expressed by the equation: 
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where, Ii and I – current of i step and summary current of steps, A – electrode surface. The 

concentration gradients are referred to electrode surface (x = 0). 
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3.2. Experimental results 

In a case of electrochemical deposition/dissolution of palladium in acid solution [3], 

additionally hydrogen evolution/adsorption processes take place. In order to identify the particular 

experimental peaks, the five different reverse potentials for CV scans at fixed scan rate were applied 

(Fig. 1A). The shape of CV response is characteristic for electrodeposition Pd
2+

 and dissolution Pd 

layer in acidic solution (scan a,b), furthermore, the hydrogen evolution appears in wider potential scans 

(scan c,d,e). The Pd
2+

 ions reduction to metallic Pd starts at about 0.2 V potential and maximum 

current at – 0.255 V is completed (peak 1). The second small peak (2) is observed close to – 0.516 V 

potential due to formation of PdHx [56]. Simultaneously, from – 0.4 V hydrogen evolution (wave 3) 

takes place. On the reverse scan the two peaks appear: the first one (peak 4) is due to the hydrogen 

anodically stripped from the palladium hydride and the second one (peak 5) corresponds to the 

palladium dissolution. A characteristic large loop as the intersection effect of the forward deposition 

and the reverse current lines in two points should be also noticed (Fig. 1 A and B). 

 

 
 

Figure 1. (A) Experimental CV responses for electroreduction Pd
2+ 

ions (5 mM solution in 1M KCl at 

pH=1 on GCE electrode) with different reverse potential. Scan rate 0.5 V/s. (B) Normalized 

experimental CV curves for Pd
2+

 reduction for series scan rates from 0.05 to 2 V/s. Inset: 

selected response for 0.05 and 2 V/s to show the characteristic loop. 

 

For precise determination of kinetic parameters for palladium ions electroreduction, solution 

composition and potential range were optimized in order to obtain clear response for 

deposition/dissolution process of palladium (Fig. 1A, peaks 1 and 5). Reduction of hydrogen ions, as 

well as sorption and desorption of hydrogen into deposited palladium, is a consecutive process here 

(Fig. 1A peaks 2, 3 and 4). Therefore, shortened CV responses reveal two peaks of Pd
2+

/Pd system 

(Fig. 1B) for the series after scan rate normalization. The series of curves does not suggest existence of 

slow chemical step. 

Diffusion coefficient (D) was determined by means of two methods. In the first one CV curve 

shape, namely peak and half- peak potentials [42],
 
are used. A grand average value, equal to (7.47 ± 
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0.4)×10
-6

 cm s
–1

, was obtained from scan rate data in the range 0.05 –10 V/s. The second method 

applies the chronoamperometric (CA) technique [57]. D value (7.51 ± 0.1)×10
-6

 cm s
–1 

was obtained 

by the estimation method with the use of ESTYM_PDE program. Theoretical parameters like k, α and 

E0 were assumed to keep the process in diffusion controlled area. The comparison between the 

experiment and the model is presented in Fig. 2. Therefore, for modelling of Pd
2+ 

CV process the value 

(7.5 ±0.1)×10
-6

 cm s
–1

 was applied.  

 

 
 

Figure 2. Determination of D by CA method. Experimental responses (red points) for electroreduction 

of Pd
2+

 (5 mM solution in 1M KCl at pH=1 on GCE electrode) at E1 = – 0.15 V potential and 

for step time t1 = 10 s. Theoretical response (black line) was obtained for: k1 = k2 = 1 cm s
–1

, α1 

= α2 = 0.5, E0,1= E0,2= 0 V, A = 0.0314 cm
2
. Estimated value: D = (7.51 ± 0.1)×10

-6
 cm s

–1
. 

 

3.3. The comparison of experimental results and evolution of theoretical models  

Model I [26] takes into consideration two-electron reaction with adsorption process described 

with the use mass balance equation on the electrode surface. 

Results of modelling were presented in Fig. 3A. Model I, analogous to one applied in literature, 

does not reproduce characteristic loop on CV responses. Location and height of the cathodic and 

anodic peaks is different from experimental ones. 

Model II [27] takes into consideration two-electron reaction with adsorption process described 

with the use BET isotherm (Eq. (10)). Results of modelling were presented in Fig. 3B. Similarly, 

Model II does not reproduce characteristic loop on CV responses. The location of the cathodic peaks is 

still different from experimental responses. In turn, the representation of the anodic peaks is much 

better in Model II. It’s clear that Model II with BET isotherm included a better description of the 

anodic response.  
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Figure 3. Comparison of experimental CV curves (red lines and points) for electroreduction Pd
2+ 

ions 

(5 mM solution in 1M KCl at pH=1 on GCE electrode) and theoretical curves (black lines and 

points). Scan rates are from 0.05 to 2V/s. (A): The theoretical curves were calculated according 

to Model I. Estimated parameters: k1= (4.1 ± 0.6)×10
-5

 cm s
–1

, k2= (2.1 ± 2)×10
-3

 cm s
–1

, α1 =
 
α2 

= 0.62 ± 0.04, E0,1 = E0,2 = 0.011 ± 0.053 V, stSD =(3.0 ± 0.4)×10
–5

. (B): The theoretical curves 

were calculated according to Model II. Estimated parameters: k1= (6.5 ± 1)×10
-6

 cm s
–1

, k2= 

(2.0 ± 0.06)×10
-4

 cm s
–1

, α1 =
 
α2 = 0.40 ± 0.01, E0,1 = E0,2 = 0.250 ± 0.001 V. BET isotherm 

parameters: K1 = (1.0 ± 0.7)×10
5
 cm

3
 mol

-1
, Kd = (4.4 ± 8)×10

3
 cm

3
 mol

-1
, ΓPd,s (mol cm

–2
) for 

various scan rate: 0.05 Vs
–1 

– (4.8 ± 0.2)×10
–7

; 0.1 Vs
–1 

– (3.1 ± 0.1)×10
–7

; 0.2 Vs
–1 

– (2.1 ± 

0.1)×10
–7

; 0.5 Vs
–1

 – (1.2 ± 0.05)×10
–7

; 1 Vs
–1

 – (7.2 ± 0.3)×10
–8

; 2 Vs
–1

 – (4.5 ± 0.3)×10
–8

, 

stSD =(3.8 ± 0.4)×10
–5

. 

 

Table 1. Estimated kinetic parameters calculated with the use of Model III fitted to experimental data. 

 

 

v 

/V s
-1

 

Estimated parameters 

0.05 0.1 0.2 0.5 1 2 Mean 

± SD
 

1k1×10
6
 

/cm s
–1

 

4.1 3.5 3.9 3.7 3.5 3.1 3.6 ± 0.3 

2k1×10
4
 

/cm s
–1

 

1.9 1.5 1.6 1.7 1.8 1.9 1.7 ± 0.2 

1k2×10
6
 

/cm s
–1

 

16 8.8 9.6 6.7 3.5 1.4 7.6 ± 5 

2k2×10
4
 

/cm s
–1

 

9.6 9.9 9.8 10 11 11 10 ± 0.5 

1α1 = 1α2 0.33 0.32 0.33 0.32 0.32 0.32 0.33±0.01 

2α1 = 2α2 0.41 0.40 0.41 0.40 0.41 0.41 0.41±0.01 

E0,1 = E0,2  

/V 

0.250 0.248 0.250 0.249 0.250 0.250 0.250±0.001 

Γs1×10
8
 8.9 7.7 6.1 5.0 4.2 3.6  

Γs×10
7
 10 5.1 3.0 1.4 0.70 0.37  

K1×10
-5

 1.2 1.0 1.1 1.0 1.1 1.2 1.1 ± 0.07 

Kd×10
-3

 8.8 0.084 0.2 0.17 0.02 0.63 1.7 ± 3 

stSD ×10
5
 1.2 0.94 1.0 1.5 1.9 2.2 1.4 ± 0.4 
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More advanced two-plate Model III takes into account two identical electrode reactions 

running at two different surfaces of GCE electrode i.e. uncovered and covered with Pd layer.  

The estimated parameters for Model III were presented in Table 1. The sets of kinetic 

parameters estimated for particular scan rates from 0.05 to 2 V/s were averaged. On the basis of the 

obtained mean values of kinetic parameters (Table 1), theoretical CV responses were determined and 

compared with respective experimental data (Fig. 4 and 6). Additionally, the results of the fits were 

quantitative expressed by normalized standard deviation stSD  presented in Table 1. 

The qualitative comparison of experimental and theoretical data was shown in short form in 

Fig. 4. It enables to compare Models I and II with Model III. 

 

 
 

Figure 4. Comparison of experimental CV curves (red lines and points) for electroreduction Pd
2+ 

ions 

(5 mM solution in 1M KCl at pH=1 on GCE electrode) and theoretical curves (black lines and 

points) obtained for Model III. Scan rate range: from 0.05 to 2V/s. Estimated parameters are 

presented in Table 1. 

 

The application of Model III indicates that the two plate reduction approach (5) – (8) is the 

decisive step in modelling, responsible for creating the characteristic loop (e.g. Fig. 1). In the 

approach, the two processes with different rate constants are considered, where the ratio of 
2
k1/

1
k1 = 47 

and 
2
k2/

1
k2 = 131 (on the basis of Table. 1). It is easy to show by means of simulation that the higher 

value of the rate constant ratio corresponds to the greater loop (Fig. 5).  

The reverse current line discussed above crosses over the forward deposition line in two 

crossing points of cathodic lines and forms the loop (cf. e.g. Fig. 1,3-5). Such a response is often met 

in stripping analysis of metals at solid electrodes. In models presented in literature the authors have 

reported about experimental nucleation loop and the problem of loop has not been considered 

theoretically [21,22]. The appearance and the size of the loop is a measure of a change of electrode 

properties during the experimental scan and may be described by the applied mathematical model. 

Presented results suggest that underpotential/overpotential deposition is coupled with a 

presence/absence of traces of different parent or un-parent metal on electrode surface. The small traces 
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of a metal are decisive at what potential the nucleation starts. The effect may be described by actual E0, 

η and k value. 

The experimental verification of the Model III (Fig. 6) indicates a good fit for complete set of 

experimental data with one set of kinetic parameters for different scan rates. The model correctly 

retraces the loop on experimental response. 

 

 
 

Figure 5. Theoretical CV responses with the use of Model III. Scan rate 0.2 V/s. The influence of 

value (
2
k1)/(

1
k1) and (

2
k2)/(

1
k2) on the shape of the loop (high, width and area) obtained for 

theoretical CV curves. Kinetic parameters except 
2
k1, 

1
k1, 

2
k2, 

1
k2 are taken from Table 1. 

1
k1 = 

1
k2 =1×10

-5
; 

2
k2/

1
k2 = 1000; 

2
k1/

1
k1= 1 (A), 10 (B), 100 (C), 1000 (D). 

 

 An interesting result was obtained during the realization of modelling process. It turned out 

that calculated adsorption parameter ΓPd,s1 depends linearly on scan rate value (Fig. 7). This suggests 

that nucleation process and a structure of deposit are also scan rate dependent. Therefore, each scan 

rate is characterized by its own (ΓPd,s1) value. Consecutively, the change of surface coverage can be 

expressed by dependence of ΓPd,s1 parameter vs. scan rate is observed (Fig. 7). 
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Figure 6. The CV electroreduction of Pd
2+

 ions (5mM) in 1M KCl at pH=1 on GCE (red points). The 

comparison of experimental (red points) and theoretical (black lines) kinetic runs calculated 

according to Model III. Kinetic parameters for theoretical CV curves were taken from Table 1. 

Characteristic loop is visible on both experimental and theoretical responses. 

 

It could be expected that coverage of electrode surface with Pd changes with scan rate and with 

Pd
2+

 ions concentration in solution due to different charge consumed during the deposition process. 

 



Int. J. Electrochem. Sci., Vol. 9, 2014 

  

2600 

 
 

Figure 7. The dependence of determined adsorption parameter Γs and Γs1 vs. scan rate v for Model II 

and III as well as for Model III, respectively. 

 

Generally, at low scan rate values the morphology of metal deposit is compact and arrayed, 

whereas at high scan rates incoherent dendrite type structures are possible. Scan rate parameter is not 

used in electrochemical deposition of metals but in programmed deposition e.g. with changing 

potential, may extend the scope of metal layer properties control [1,2]. 

The experimental verification of the three presented models indicates that Models I and II can 

be treated as the preliminary stage of modelling process. The final Model III allows to fit an extended 

set of experimental data with one set of kinetic parameters for different scan rates, as well as allows to 

create loop in the theoretical model.  

The proposed model can be successfully applied to other significant deposition/dissolution 

processes investigated by stripping voltammetry (SV). A mathematical processing of SV analytical 

data and prediction of the stripping responses for multicomponent systems, significant from practical 

analysis point of view, will be possible. Besides, the proposed Model III may be useful in modelling of 

deposition of metals and alloys. 

 

SYMBOLS AND ABBREVIATIONS: 

BET Brunauer, Emmett and Teller adsorption model; 

CA chronoamperometry; 

CV cyclic voltammetry; 

GCE glassy carbon electrode; 

A electrode surface;
 

cA, cB, cC actual concentration of species A, B and C in solution; 

E0 equilibrium potential of redox couple; 

Ii, I current of i step, summary current of steps; 
1
k, 

2
k left superscript means reduction on first and second plate, respectively;

 
k electrochemical rate constant; 

K1, Kd equilibrium constants in BET isotherm; 
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v scan rate; 

α cathodic transfer coefficient; 

ΓPd, ΓPd,s actual and maximum surface concentration of species Pd in mol/cm
2
; 

ΓPd,s1 surface concentration at which total passing of reduction on second plate takes place. 
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