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Abstract: The hydrogen electrode reaction (HER) on Pt electrode in a HySO4 solution when CO gas
was injected /stopped was studied using polarization resistance curve. In order to elucidate and
confirm the CO poisoning effect, a few curve techniques were proposed. Applying them, the kinetic
parameters such as the number of electrons transferred (z) and the cathodic transfer coefficient («c)
were determined. The HER in a 0.5 mol dm—3 H,SO, solution saturated with H, was confirmed as a
reversible reaction having z = 2. When the above solution was injected with CO, the reversible HER
changed to an irreversible reaction having z = 1 and a. =~ 0.6. Once we stopped the CO injection,
alteration from the irreversible to quasireversible reaction was gradually made after several cyclic
polarizations. The proposed curve techniques can provide a reliable way to determine the kinetic
parameters changing among reversible, irreversible, and quasireversible reactions.

Keywords: hydrogen evolution reaction; platinum electrode; CO poisoning; polarization resistance
curve; Tafel slope

1. Introduction

The hydrogen electrode reaction (HER) is one of the most fundamental electrolytic
reactions in the field of electrochemistry [1-10]. This redox reaction consists of hydrogen
oxidation reaction (hor) as an anodic branch reaction and hydrogen evolution reaction
(her) as a cathodic branch reaction. The exchange current density of HER, which is the
magnitude of the reciprocal reaction between hor and her, is widely used as a kinetic
parameter to evaluate catalysts in technical fields such as fuel cells and water electrolysis.
It is well known that power generation by fuel cells will be very important and become
widespread in the very near future [2,3,7-10]. Since the hydrogen consumed in fuel cells is
mainly produced by the steam reforming process of methane, it may contain byproducts
such as CO and CO,. Many papers reported that even a small amount of CO can poison
the platinum catalyst and reduce its efficiency [11]. This poisoning phenomenon is said to
be mainly caused by the firm adhesion of CO as CO_q to the platinum electrode surface. A
more detailed explanation of the CO poisoning effect from various aspects is needed to
make the fuel cell fully functional. For an example, it is necessary to explain the degradation
of the electrode not only from the surface inactivation caused by CO adsorption but also
from the physical factors derived from it.

This paper explains the degradation of platinum catalysts from the viewpoint of
polarization resistance. As far as the authors know, there are few papers that provide
explanations with detailed polarization resistance curves. Exceptionally, A.C. Chialvo
et al., devised their own theory of polarization resistance and applied it to HER. It was an
experimental and theoretical study of CO poisoning HER [12-22]. However, their theory
was limited to a single point at j = 0, and there was no mention or consideration from the
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viewpoint of the whole curve. This paper, first of all, shows the continuous change of HER
from reversible to irreversible reaction caused by CO injection. Using the polarization curve
and its polarization resistance curve, which is derived from the differential polarization
method (DPM) [23-26], the CO poisoning effect is discussed from two main points: (1) how
to analyze the curve change caused by CO injection and (2) how to determine the kinetic
parameters of HER in CO-free, CO-injected, and CO-stopped solution.

2. Results
2.1. Variation of the Open Circuit Potential with Time

To detect a variation of the open circuit potential, Eocp(t), the experiments were
simulated in three environments:

Environment (I): 0.5 mol dm 3 H,SO, solution saturated with Hy only (abbreviation;
H, + H,SOy solution; as a reference);

Environment (II): the above H>SOj solution injected with continuous CO bubbling
(abbreviation; H, + H,SO4 + CO solution; as CO-contaminated solution);

Environment (III): the above H;SO4 solution when the CO-injection was stopped
(abbreviation; Hy + H,SO,4 + CO-CO solution; as CO-restored solution).

An arrival time to the steady state by monitoring the Eocp(t) was investigated. The
result is shown in Figure 1.
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Figure 1. Time variation of the open circuit potential, Eocp () is measured in a 0.5 mol dm~—3 H,S0,
solution continuously bubbled with Hy and CO. At three arrow points, E(j) was measured.

The Eqcp showing = 1.0 V sharply descended to 0.0 V when the H bubbling was started.
The steady state showing Eocp = 0.0 V was obtained in the period of 0.5 ks <t < 2 ks. The
Eocp(t 2 2 ks) increased to ~0.34 V at start of CO injection and decreased to ~0.25 V at the
gradual stop of CO injection. In this experiment, it was found that the steady state condition
is obtained at t > 4 ks for the environment (I), 3 ks < f < 5 ks for the environment (IT), and
t > 5.4 ks for the environment (III).

2.2. Eexp(j) and hexp(j)

The polarization curves, Eexp(f), in the above three solutions were measured at the
immersion periods of 1.7 ks for environment (I), 4.9 ks for environment (II), and 5.4 ks
for environment (IIT). Their polarization resistance curves, hexp(j) (= d Eexp(j)/d j), were
calculated using the finite difference method in a software.
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2.2.1. Eexp(j) and hexp(j) in the Environment (I)

Figure 2 shows the voltammogram (CV with seven cycles) curves in the H, + HySO4
solution.
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Figure 2. Seven-cycled CV curves (pink fine) of Pt electrode in a 0.5 mol dm—3 H,S0; solution
bubbled with Hj are shown. The bold dark red curve as a representative is mathematically smoothed.
It will be employed for analysis.

The starting point is (A), and the finishing point is (E). The potential-reverse operation
is carried out at points of (B) and (D). We can see that Eexp(j) follow same route and
formed no hysteresis loop. The dark red curve of (B)—(C)—(D) was selected for analysis as a
representative. Figure 3 shows that its fexp (j) is drawn in a deep blue bold line together
with the experimental Jexp (j) (sky blue fine).
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Figure 3. A representative hexp (j) (deep blue fine) and the experimental /iexp () (sky blue fine), which
were obtained by differentiating the Eexp (j) in Figure 2.

The important readings in Figures 2 and 3 are summarized in Table 1. Symbols used
in this paper are shown and explained in Appendix A.
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Table 1. Experimental readings of E(0) in Figure 2 and Jiexp (0), we j Ht L Wa jH,L, and [/x in

Figure 3.
Item Reading Remarks
E(0)/ V vs.SHE 0 (C) and (E) in Figure 2
hexp(0) /kQ cm? 22x1072 (C) and (E) in Figure 3, ~ [hexp (S 107°)]
‘wc JjuL /mA cm 2 102 < we cannot observe it in Figure 3
Wa j H,L/MA cm 2 ~ 0.7 vertical line having (D) in Figures 2 and 3
(1/%)./kQ) cm? ~ 1073 asymptotic horizontal line; S(B) in Figure 3

A question will occur to readers that it is impossible to read the value of fexp (0) in
logarithm expression. The above answer is that the fexp(0) & hexp (< 1073) is accept-
able because the hexp (5 10_3) is almost horizontal line. We can see that the j at (D) is
~0.7 mA cm 2, which is related to the limiting anodic current density of H,. We cannot
observe the j relating to the limiting cathodic current density of H* due to the over-scaled
value.

2.2.2. Eexp(j) and hexp () in the Environment (1)

Similarly, the Eexp(j) and its hexp(j) in the Hy + HSO4 + CO solution are shown in
Figures 4 and 5, respectively.

Except for the first route of (F) — (G) (downward, red line), we can see that all curves
(pink fine) repeat similar hysteresis loop of (G) — (H) — (I) — (J) — (K)(or (G)) — (L)
(or (H)) — (I). The representative tracks of (G) — (H) — (I) (upward, green line) and
(I) = (J) = (K) (downward, blue line) are shown with their bold colors. Characteristic
readings appeared on Figures 4 and 5 are summarized in Table 2.
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Figure 4. Seven-cycled Eexp () (pink and fine) in a 0.5 mol dm—3 H,S0;, solution bubbled with H,
and CO. The red, green, and blue Eexp(j) are representative curves for analysis.
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Figure 5. The /exp (f) (sky blue; experimental curves) together with their representative curves (red,
green, and blue bold curves corresponding to Figure 4). The orange dashed line with the Tafel slope
is shown as a reference.

Table 2. Experimental readings in Figures 4 and 5 are shown. Explanations of items and symbols are
shown in Section 3.9 and Appendix A.

Item Reading Remarks
E(0)/ V vs.SHE 0.24 (H) or (L) in Figure 4
0.02 (J) in Figure 4
hexp (0)/kQ cm? ~43 (H) or (L) in Figure 5
~190 (J) in Figure 5
Wel J g+ L‘ /mA cm 2 102 < we cannot observe it in Figure 5
|wea j co,L|/mA cm 2 1.3 x 1073 red vertical line in Figure 5
Wa5 J Hy L. +Wa2  CO,q L./ MA cm 2 1.3x 1073 green vertical line in Figure 5
(Wa2 + Wa5) j Hy L + Wad | CO,,, L/ MA cm ™2 3x1073 green vertical line in Figure 5
(1/%)./kQ cm? ~1073 asymptotic line; (G) or (K) in Figure 5

2.2.3. Eexp(j) and hexp (j) in the Environment (I1T)

The results in the Hy + HySO4 + CO-CO solution are shown in Figure 6 for Eexp(j)
and Figure 7 for hexp (7).

The complex shape of Eexp(j) in Figure 5 has disappeared, and the similar shape
of Figure 1 appears. Close observation on Eexp(j) leads to an interesting fact that there
is open loop in upward and close loop in downward. The /iexp(j) also shows complex
shape, but there are two remarkable points: (1) the crowded route of (P) — (Q) — (R)
in Figure 7 is almost similar to the route of (B) — (C) — (D) in Figure 3, and (2) the first
line of (M) — (N), on which the Tafel slope was satisfied, was disappeared and gathered
into (Q) — (R) after several CV. Characteristic readings appeared in Figures 4 and 5 are
summarized in Table 3.
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Figure 6. Changes of Eexp(j) (pink fine line) and the smoothed ones (bold red curve, a representative)
when the CO injection was stopped.
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Figure 7. All Eexp(f) (blue fine line) are obtained by differentiating all Eexp(f) in Figure 6. The hexp (/)
as a representative is dawn with bold red. The orange dashed line with the Tafel slope is shown as a
reference.

Table 3. Experimental readings in Figures 2 and 3.

Item Reading Remarks
E(0)/ V vs.SHE ~0 (Q) in Figure 6
hexp(0) /kQ cm? 0.03 ~ 0.06 (Q) in Figure 7
)wc i+ L‘ /mA cm 2 102 < we cannot observe it in Figure 3
Wa jH, L/ MA cm~2 0.6 ~0.9 vertical line having (P) in Figure 7

(1/%)./kQ) cm? ~1073 asymptotic horizontal line; (B) in Figure 7
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3. Discussion
3.1. Single Electrode Reaction and Its Classification
The single electrode reaction is basic redox reaction in electrochemical field. In this

paper, it is expressed as:
Red = Ox*" + ze™. 1)

The Nernst equation for the above is expressed as:

RT, [Ox*]
E. — E@ il | bulk 2
. TEF " Redlyy ?
When electrons are pumped up or into the system, the equilibrium state is lost.
Consequently, the equilibrium potential, Ecq changes to a new Eeq. The difference between
applied potential, E and the Eeq is the overpotential, 7:

W:E_Eeq 3)

Applying 7 to the system, a net current, j is observed. The curve plotting between j
and 7 is the polarization curve, j(17). When charge transfer and diffusion transfer processes
simultaneously occur, the j(#7) is expressed to [27]:

exp(far]) — exp(—fer) = ja(n) +je(n), )

](77) = 1/]0 +€Xp(fa77)/jRed,L+exp(_fcl7)/ _ijz+,L =

where the j,(17) and jc(77) are the anodic and cathodic branch current density, respectively:

Co exp(far)
Jal11) = 1/jo +exp(fa)/jred,L +exp(—fc)/ — joxr+ L >0 ©
o) _oxplfel) <0) ®)

= Tjo T expUon) /rear + p(—fn)7 —Jowry |

The j,(0), total exchange current density is expressed as the reciprocal of the summa-
tion of the reciprocals of jo, jred,L, and —joyz+ 1 :

1

1/jo +1/jred,L + 1/ —jox+ L @)

ja(0) = —jc(0)

Therefore, the j,(0) is a harmonic mean among jo, jred,L, and —jo,z+ 1 . Its value has
a tendency to be close to the minimum value among them. The jreq1 and jo.+ | are
shortened into jq in this paper:

1
d = = - 8
=1y JRed L + 1/ =joxz+ 1. ®
Then, Equation (7) is simplified as below:
W (0) = ©)
o = 1 j + 1/

In order to simplify the complicated Equation (4), it is convenient to divide j(#) into
three approximations by considering relationship between jj and jg.
(A) Reversible reaction; jo > j4 (or ja(0) = jq);
(B) Irreversible reaction; jo < jg (or ja(0) =~ jo);
(C) Quasireversible reaction; jy =~ jq (or ja(0) ~ jq/2 =~ jo/2).

The above classification may be archaic, but it plays an important role in the h(j)
expression.
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Note that, at the equilibrium state (j = 0 or 7 = 0), the following relationship holds:
Ja() +jen) =0, (10)

O z+
Eh’l [ X }bulk (11)
zF  [Red]p

Substituting them into Equation (4), we can obtain same Equation (2). The same result
shows that the Nernst equation is a special case of j(77).

1= B By = (E~ %) + (E° — Eug) =1 -

3.2. Single Electrode Reaction and Its Polarization Resistance

Polarization curve has been frequently employed as a simple and basic electrochem-
ical method to elucidate reaction mechanism. Usually, the polarization curve has been
expressed using two functions: j(17) and E(j). The former, j(#), is possible for direct plot-
ting using measuring data. It has a decided merit that current can be superposed. The latter,
E(j), is also commonly used, which is obtained by exchanging between the horizontal and
vertical axes in j(17). Having same vertical axis with potential scale, there is a superiority
that E(j) is easy to compare with the Tafel equation. Furthermore, its advantage will be
clarified when predicting thermodynamically stable chemical species and their possible
reaction by referring to the E-pH diagram. In addition to the above two expressions, we
have another expression: polarization resistance curve, h(j). The h(j) is not so familiar, but
it is possible to express the system. The great advantage of it lies in reduction of parameters,
which must be experimentally determined. For example, overpotential, which is not so
easy to determine in experimentally, is disappeared due to its constant value. As a result,
the h(j) tends to be a concise expression. These curves have very different forms, but
mathematically, they are exactly the same and are interchangeable.

jon) = E(j) = { Ho) - dE(j)/dj = h(j)

12
= Eeq (one initial condition) (12)

Detailed expressions of i(j) are shown below. Differentiating Equation (4), we can
obtain polarization conductance, g(77):

dj d (ja i . . . aja ¢ Je
gln) = (:]1(;7) - 40U (1721;] W) — gun) + geln) = fa jaln) — f ]c(ﬂ)](’?){fj;ed(;z) + fk]) (Y)L} (13)
where,
Ul JRed,L —Jox*t L
d.C . . a 'a C 'C

selm) = S — g w){f o) . Seleln) } (15)

Ul JRed,L Jox#+ L
Using the inverse function relation between g(#) and /(j), the below will be obtained:

djd d (E(j) — Ee d E(j .

L8N — gy LD Fen) g TED — gy ) =1 (16

The g(7) is a function of 7, but the h(j) is a function of j. In order to express the g(#)
as a function of j, all of j(#1), ja(#), and j.(#) must be expressed as a function of j. Using the
Maclaurin expand series, they are approximated to the linear relations:

i) = j(0) + L8y + 02 4~ g(0) = g(0) h(0) j = J, (17)

aln) = a(0) + By + B2 o % ja(0) + 8a(0) 7 = ja(0) + 2, (1)
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felr) = je(0) + 5Py + 52 4~ j(0) + e (0) 1 = je(0) + ol /- (19)

8a(0) d 8<(0)

By arranging the ol , ja(j), and j.(j) are expressed as:

0)+5e(0) 21 2(0)+3<(0)
. . &z ja(0 &e je(0 ,
howw4m+{%—<.]()+”“)>}, @)
JRed,L Joxz* L.
.y . &3 ja(0 ac je(0 .
je(7) = je(0) + {occ+ ( 2/o0) _“.]C( ) )}] (21)
JRed,L. Joxz* L
Then, the h(j) can be expressed as:
. 1
M) = : (22)
faja(j) = feje(7) — {fa]a(])/]Red,L + fe JC(])/_JOXZ+,L}
At the equilibrium state (j = 0), common expression of /(0) is obtained:
n(0) 1 _ 1 _RT 1 002 1 23)

T Faja0) = feje(0) T (at fja(0) ~ zFja(0) ~ z ja(0)

We can see that the /1(0) is inversely proportional to j,(0) and has a constant of 0.026/ z.
In other words, the above equation tells that the j,(0) will be easily calculated by reading
the /1(0) when the z is already known. Around the equilibrium state (j ~ 0), (j) can be
approximated to linear relation:

[h(j)]jzozh(o){l—l—(zaa L +1._2“a>j}. (24)

JRed L Joxrt L ja(0)

We can see that the [h(})] j~0 18 a straight line having an intercept of /1(0) and a slope
2 2 ac 1-2 0y
of h(0) (jRed,L T Joxz+ L ja(0) )
Being in a far polarized state (|| > 0), information for each branch reaction can be
obtained. The kinetic parameters for anodic branch will be obtained when the system is
anodically far-polarized (1 >> 0):

j = Ja() +je(G) = ja(j) (or je(j) ~ 0)- (25)

Let jpa be the minimum j, (j) in the above state. The polarization resistance curve for
anodic branch, h,_prancn (fa), Will be expressed by arranging Equation (22):

. . . 1 RT (1 1
s i) = o) = V0 iy = neef G )

The second term in the above will be close to zero if j is sufficiently large:

RT 1 } B {0.026 1 ] ~0 @7)
¥a Z F jredL — ] jpa<i XaZ JRedL — ] jpa<<i '
Then, Equation (26) is approximated to:
, RT 1 00261
[h(])]]pa<<] ~ A Z F7 — Nz 7 (28)
Arranging the above, the «, z can be calculated as:
0.026 ,
aZ R [] (j >0). (29)
h(j) j jpa<<
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Similarly, information on the cathodic branch will be obtained when the system is
cathodically far-polarized (7 < 0):

j=7a(j) +Jjc(j) = je(j) (orja(j) =~ 0). (30)

Let jpc be the maximum j¢(j) in the above state. Then, the polarization resistance
curve for cathodic branch, /1. pranch (o) can be obtained:

. . . 1 RT 1 1
hc—branch(]C) = hc—branch(]) = [h(])]]a(])zo ~ ; ; ; ; = w2z F (_ + _) (31)
—fej—j {fc]/ —10xz+,L} ¢ I 17 loenL

For sulfficiently large —j (j < 0), the second term will be close to zero:

RTF 1 1 _ [0.026 1 ] o )
aCZ ] ]OXZ+,L ]'<<ij lXCZ ] ]OXZ+,L j<<jpc
Then, Equation (31) is approximated to:
RT 1 0.026 (1
() iw: = — ) = _ ).
i ™ g F () = aze(5) 33)

The . z can be calculated as:

czn [ 0.026 (j <0) (34)

h(])|]d lpel<ljl

Each of jpa and jp. will be expressed by arranging Equations (20), (21), (25) and (30):
o o o !
Jo = < 70 frear —jo:z+,L> ’ 9
o o o !
Jpe =~ (fa (?)) - fRe:l,L " —fo:z+,L> ' %0

When we can find two inflection points on the curve, a very interesting relationship
between Equations (35) and (36) is shown as:

1 _ 1 1
ja(O) jpa _]‘PC'

(37)
The same equation had been already established by ]J.M. Pearson in 1942 in the
corrosion field [28].

3.3. The Relationship between the Tafel Extrapolation Method (tem) and H(j)

The Tafel equation is an empirical equation showing the relationship between 7%
(usually, || > 0) and j. It is expressed as:

. b .
17:a+blog|]|:a+ﬁln\]|. (38)
Naturally, it is possible to express the Tafel equation in differential form:

dy _ d(E()—Fe) _ dE()
dj dj dj

, b 1
=h(j) = 2377 (39)
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We can see that the above is inverse-proportional to |j| and has a constant of b/2.3.
Taking the logarithm, the following is obtained:

. b .
log h(j) = log 5= — logljl. (40)

The above expression can give us a clear guide when finding the Tafel region: (1) the
differentiated Tafel equation has a linear relationship between the log /(j) and log|j|, and
(2) its straight line always has slope of —1. Namely, the linear slope region observed on
log h(j) vs. log|j| curve exactly corresponds to the Tafel slope region, and vice versa.

d log h(j)

=~ = —1 = Tafel slope. (41)
dlog]]| P

The existence of this straight line is extremely helpful in finding the Tafel slope region
and in determining its accurate value.

The graphical representation of h(j) brings direct benefits to our understanding.
Example data shown in Table 4 were employed to draw the /(j) curves.

Table 4. Example data for graphical representation for three classified reactions are shown: (A) reversible, (B) irreversible,

and (C) quasireversible reactions.

i) = exp(f,11) —exp(—fc1)
Ujo+exp(f, 1) jrear +exP(—f 1)/ —Joxe+ 1,

Item (A): Reversible (B): Irreversible (C): Quasi-Reversible Remarks
Go > ja) Go < ja) Go ~ ja)

jRed,L /mACIl’l72 1 1 1
joxe+ L/ mAcm 2 —100 —100 —100
. _2 s 1
jq/mAcm 0.99 0.99 0.99 ja = Vet T/ Jowrs
jo/mAcm~2 1000 0.001 1
aa (=) 0.3 0.3 0.3
ac (—) 0.7 0.7 0.7
z(—) 2 2 2
ja(0)/mAcm—2 0.989 0.000989 0.497 ja(0) = m
h(0)/mAcm 2 0.013 13 0.026

The j(17) of the above three reactions are shown in Figure 8 for reference.

We can see a general tendency that (1) the jreq,L and jo,-+ | indicate the upper and
lower limit, respectively; (2) the j,(0) relates to the awayness between j,(17) and j.(77) (not
depicted); and (3) the &, and . affect the symmetry of the curve. The quasireversible j(77)
is located between reversible and irreversible and slightly closer to the reversible. This
close position is thought to be the reason why “quasi” was given. To illustrate the benefits
of the h(j) expression, each curve is shown in Figure 9 using the same data in Table 3.

The straight lines concerning Equation (41) are drawn with three orange dashed
lines. We can see that the Tafel slope are visually held in the wider anodic branch
(5x1073mA cm~2 <j <107 mA cm~?) and the widest cathodic branch (3 x 1072 mA cm 2
< |j| £ 10 mA ecm™2) for irreversible reaction (blue). The Tafel slope for the quasireversible
reaction (green) is satisfied in the narrow cathodic region (=~ 12 mA cm™2). In the case of re-
versible /1(j) (red), we can see that the Tafel slope is valid for only one point (= 6 mA cm™2).
The curve of log h(j) vs. log |j | clarified that the TEM is eminently valid for irreversible
reaction.
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Figure 8. Three j(1) curves corresponding to the three-classified reaction: (A) reversible, (B) irre-
versible, and (C) quasireversible reactions are drawn using data in Table 4.

o

l 11 llllllly

TERETIT BN TTTY B AN AR TTTT B RN WA TTTT| B E R TTTT B AR TTTT M
(N

N’
N

1
N,
\

N A

2
S
vl

oo JRed L ljoxz+ Ll

[a—
o
|

o
vl

(]
ol

u

e
()
vl

dlogh(j) _
dlog|Jl

Reversible

o
vl

Polarization resistance, 4(j) / kQ cm

[

o
|
/
,

l T Illlllll T llllllll T lllll"I T llllllll T llllllll T llll|l|l T llllllllb ?_

10° 10" 100 100 100 10", 100 10’
Current density,|j|/mA cm

Figure 9. Curves of log h(j) vs. log|j| for three classified reactions are drawn for the graphical
explanation. The same data listed in Table 3 are employed. For reference, three orange dashed lines
with Tafel slope of —1 are shown.

3.4. Kinetic Parameter Determination Using h(j)

Since graphical j(17) can be classified into the above three reactions, /(j) can also be
classified into the three.
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3.4.1. Reversible Reaction

The j,(j) and jc(j) of the reversible reaction are simplified to the below by arranging
Equations (20) and (21), respectively:

ja() = ja+ — et (14 —L ), (42)
JRed,L — Jox#+ L. —Joxzt L

. . —Joxzt , . '

kO)Z-ﬂd+.QVJ‘J::—m(1+ ) >. 43)
JRed,L — Jox#+ L. JRed,L

Substituting them into Equation (22), we can obtain the reversible (j).

RT 1 1
h(j) = —| = -+ — . 44
v) zF ( JRed,L — ] ]_JOXZ+,L> )
At the equilibrium state (j = 0),
RT 1 1 0.026 1 0.026 1
h0) = S5 (oo ) S ML (R, )
ZF\ JRedl  —Jox= L z Ja z ja(0)

If we can read the three values (7(0), jred,L, and jo,-+ ) from experiments, we can
easily determine z. If that is impossible or ambiguous, there is another way to know it: a
curve technique, which is known as the parallel displacement in geometry. The following
simultaneous equation discloses the technique:

RT (1 1
hii+ i - o= - ’ 1
(] + ]Red,L) 2 F <_] * J+ JRedL — ]Oxz+,L> 0

RT 1
ZF j+ jred,L — Jox#+ L

=~ 0. (47)

Substituting the precondition (Equation (47)) into Equation (46), the below equation is

obtained: RT 1 0,026
h(j+ j ~N—— = . 4
(]+ ]Red,L) zF —j Z|]| (]<0) (48)
We can see that the above has an inverse proportional relation between h(j) and [j],
which has the same relation as Equation (39). From the above, we can determine the z:

0.026

z= ——7 (j <0). (49)
G+ jrean) U <0

Similarly, the same displacement for another side will lead to the same z:

0.026 _ 0.026
in(i+ joer)  li(i+ jowr)

z =

(7 >0). (50)

Around the equilibrium state (j = 0), the reversible /(j) is linearly expressed to:

[h<j>1jzo=h<o>{1+<.l T );} 51)
JRed,L Jox#+ L

Arranging Equations (42) and (43), jpa and jpc will be expressed as:

Jpa = JRed,L (52)
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jPC = ijZ+,L (53)

We can see that Equation (37) holds true in the reversible system.

3.4.2. Irreversible Reaction

Considering jo < jg, the ja(j) and j.(j) are simplified below:

.. . . — . . .
Ja(])—]oJr{rXa—Jo<-wa +— )}J%Joﬂcaff (54)
JRed,L —Jox*t L
.. . . Na — ¢ . . .
Jc(J)=Jo+{0<c+Jo<- + — )}J%Joﬂw- (55)
JRed L  —JOxzt L

Substituting them into Equation (22), we can obtain the irreversible h(j).

jRed,L j0xZ+,L

h(j) = ) ) — . : : ) — ) ) )
feG —jo) (f - JOXZ+,L) JRed L F fa Jo joxe+ L (JRed L — J) + Xa ] {fc (Jox+ 1 = J) JRed L + fa jox+ 1. JRed L — J)} (56)
_RT L 0026 1
= L Fitla—a)j T 4 jo+ (wa —ac)j

At the equilibrium state (j = 0),

11 RT1 0021 0.026 1
0= %5 " 2Fh = ]0( z ]a(0)> 7
Around the equilibrium state (j ~ 0), h(j) is linearly expressed as:
. % « 1-2a, ).
[hm],»zo:h(m{u(. LT )]} (58)
JRedL  Joxzt,L Jjo

At anodically far polarized state (17 > 0, or j = ja, or je = 0, or jpa < j), anodic k(j)
of the irreversible reaction is expressed:

B0 = 5oz (G + 5o ) 9)

%azF\j = jrRedL —]

The second term above will be close to zero when (jreq . —j) > 0:

RT < . L ) ~ 0, (60)
&z F JRed,L — ]
Then, Equation (59) is simplified to:
. RT [1 0.026 (1
(D]ys0 = M<]-> = a2 <]) (61)

Similarly, when being cathodically far polarized (7 <0, or j & j¢,0rja & 0, or j < jpc),

1))y <o i
‘ RT (1 1
1ily<o = 7 (-; ' z—JOL> .

When the second term is close to zero:

RT ( .1 >z . (63)
xezF\j— Joxz+ L
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Then, the far cathodic () is expressed below, which is the same as Equation (33):

[h(j)];y>>0 = DfZF<—1]> (64)

It is important to notice that irreversible z is the number of electrons transferred
in the rate determine step (rds), not z of the whole reaction of Equation (1). Arranging
Equations (54) and (55), jpa and jpc will be expressed as:

jpa = jO/“c (65)

jpc = _jO/“a (66)

We can see that the relation of Equation (37) holds true in the irreversible system.

3.4.3. Quasireversible Reaction
The ja(j) and jc(j) are expressed as:

o jd jd Ny Ke .
aJ) =75 T (@ —F | — + = ! o
Ja() =75 { 2 (JRed,L JOXZ+,L> }] !
o —a ja [ _#a fe '
je(7) ) { ) (]Red,L ]Ox”L) }] ()

Substituting them into Equation (22), we can obtain the quasireversible:

n(j) 2 jRed L Jox#+ L (jOX' o P fRed,L) (69)
%] (jo"”'L 7].Red'L) { fe jrear (/ow,r. - j) + fajoe L(freal *f)} M (j - /o{*,L) fRed,L{fa Joxrr LU — Jrea L) + fe (fo0x’+,L —J /Red,L — JRed L f0x",L) }

The above equation has little practical use due to its overcomplicated expression.
Another expression is needed for quasireversible £ (j), which will be discussed in detail in
Section 3.6.3. At the equilibrium state (j = 0):

RT 2 RT 2 0.052 0.052 0.026 1
©) ZF]d( ZF]O) Z]d( Z]o) ( z ]a(0)> 70)
Each of jpa and jpc will be expressed as:
I 1 -1 1+« o !
jpa = (C + - ) = . = + . = (71)
Jd  JRedL JRedL  TJox*t L
1 o 1+ !
o= (B =y (72)
Jd TJoxt L JRedL  TJox*t L

It can be seen that the relationship in Equation (37) is satisfied in the quasireversible
reaction. Since Equations (23) and (37) are valid for all reactions, the follow is a common

relation:
_RT 1 0.026 1

ROV = ZFR0) T Zh0) T U 17 e’

(73)
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3.5. Graphical Determination of j;(0)

In addition to the above algebraic way, it is worth glancing at the geometric way. This
section shows that the reason why the graphical estimation of j,(0) is possible and how to
use it. The common /(0) at the equilibrium state is expressed as:

h(o):RT 1 :0.026<1+ 1, > )

2 F j2(0) z \Jo  JRedL —JoxrtL

We can regard the /(0) as a function of jy because three value of z, jreq 1., and joz+ 1.
are usually constant. Here, let us consider the new function, /1,9 (jo), which can be expressed

below:
. 0.026 [ 1 1 1 0.026 /1 1
hao(jo) = e i = <.+ ) (75)
zZ \Jo  JRedL  ~JoxttL z \Jo Jd
Using the above relation, each f,9(jo) in the (A), (B), and (C) is shown as:
[ha0(jo) 1jyj, = 0'0226( ]-Rid’L + = fole+,L) = 0026 (%) : constant for reversible; (76)
[ha0(jo) Jjp<jy & filn (]lo) : variable for irreversible; (77)

[ha0 (o) ]jo%]'d ~ [Ogﬁ (]lo + joid)}jgzjd = %(: %) : variable for quasireversible (78)

The curves of Equations (76)—(78) are shown with pink chain line in Figure 10 together
with the h(j) in Figure 9.

o 102 __Illlll\l llllllll 1 Illlllll L llllllll 1 1 111l 1 llllllll 1 llllllll l__
§ " (B1) (B2) (B3)
G 1] - I
=~ 10 3 . 3
~ 3 Vose+oll  E
= .0 ] i
< 10 = 3
] ] E
g 1] i
g 10" 2 (C1),(C2)  (C3) 3
8 o ]=—N —— T R i |
= 1073 A (A3)
g ] Quasi-reversible
310° =
'g ? Reversible D)
S 4
m 10 _Illlll T l||||||| T IIIIIII| T IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII T

0t 100 107 10" 100,100 10
Current density,|j|/mA cm

Figure 10. The log h(j) vs.log]| j| of the (A), (B), and (C) are shown for the graphical estimation.

The ha0(jo), which is a function of jy, is drawn in pink with a chain curve. The
employed data for drawings are the same data shown in Table 3. Three pink chain lines of

JRed 1 and ‘ jOXH,L’ are added for easy readings.

The h,0(jo) curve and vertical lines of jreqr and ‘ Joxz+ L) are shown in Figure 10
with a pink chain curve. In the irreversible reaction, the horizontal straight line of
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h(0)(= 13 kO cm?) meets the h,0(jo) at a point (B1) and two vertical lines of JRed,L. and
‘ joxz+,L‘ at (B2) and (B3), respectively. Three crossed points can be graphically read as:

jo~ 1073 mA cm 2 : cross point (B1) (79)
jRedL = 1 MA cm™2 : cross point (B2) (80)
— Jox+ L = 100 mA ecm ™2 : cross point (B3) (81)

Substituting the above readings into Equation (7), we can calculate the j,(0):
(0) = 1 _ 1
T o 1 Jrear 1/ — Jowrp,  1/(=103) +1/1+1/100

Employing the j,(0) and the /1(0), the z can be confirmed:

~ 107> mA cm 2 (= jy). (82)

RT 1 0.026
T j2(0)1(0) ~ (1073)(13) =2 (83)

z =

Similarly, we can obtain the reversible j,(0) by reading three crossed points of (A1),
(A2), and (A3):

jo = o0 : = (Al), the h(0) never crosses the Equation (75) curve,

but is asymptotic to it. 84
JRed,L = 1 MA cm ™2 : cross point (A2). (85)
— Joxr+ 1 = 100 mA ecm™2: cross point (A3). (86)
Then,
a(0) = ! ~ 0.99 mA cm 2 (= jq) (87)
S = 1/ (e0) ¥ 17(1) + 1/(+100) = Jd).
Using the above, the z is calculated:
RT 1 .02
_ RT_ _ 0.026 ~ (88)
F ja(0) R(0)  (0.99)(0.013)
For the quasireversible reaction, the crossed points are (C1), (C2), and (C3):
jo~1mA cm~2: cross point (C1) (89)
JRed,L = 1 MA ecm ™2 : cross point (C2) (90)
— joxr+ L = 100 mA ecm ™2 : cross point (C3) (91)
Then,
ja(0) = ! ~ 0.498 mA cm 2 (z jd). (92)
1/(=1)+1/(1)+1/(+100) 2
Therefore,
RT 1 _ 0.026 ~ 93)

" F ja(0)h(0) — (0.498)(0.026)
As was so often the case after experiments had finished, one of jreg L Or jo,-+ | may be
lost or cannot be read with clarity. In this case, graphical estimation is particularly helpful.
No appearance of jreq 1 OF ‘ jOXH,L‘ usually means that their contribution to Equation (7)

can be neglected due to the characteristic of harmonic mean. In short, the larger value is
smaller or neglectable contribution.
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3.6. Physical Factors Influenced on h(j)

The physical factors such as effective area and solution resistance sometimes distort
E(j) and always prevent us from quantitative approach. The following two factors are
important and discussed in this paper.

3.6.1. Effective Area of Electrode

As a matter of fact, what was actually obtained in the experiments was always the
total net current, J(#). It consists of the anodic branch current, J,(#), and cathodic branch
current, J.(77), expressed as:

J(n) = Ja(n) + Je(n)- (94)

Using the geometric surface of the electrode, S, the J(1) is normalized to the net
current density, j(17):

jin) =171(m)/S. (95)

When, for instance, gas adsorption layers or reaction deposits are present on the
electrode surface, the effective area for the reaction will shrink. The j(#) having J. () with
the effective anode area, S,, and J.(#7) with the effective cathode area, S, it is arranged and
expressed as:

](77) — ]a(ﬂ) _;—]C(;?) — Sa ]g(rl) + SC ];(17) = W, ]3(77) +wc ]C(Tl) — ]A(U) +]C(77)/ (96)
o wa exp(fa77)
Jaln) = 1/jo +exp(fan)/jredL +exp(—fc11)/ — joxr+ L (>0), 7)
je () _wo expl_fe) <0). 98)

= i 7 oot Tjrear + P (T —Joers |

where, the w,(= S3/S) and w.(= S./S) are weighting factors that have suitably weighted
values in proportion to the surface of anode and cathode, respectively (0 < w,, w. < 1) [29].
The ja (1) and jc () are effective anodic and cathodic branch current density, respectively.
It is important to note that E(0) when w, # w. is different from E(0) when w, = w.(=1).
When the overpotential having w, # w, is termed as 7w, the equilibrium state is ex-

pressed as:
j(me) = ja(iiw) + je(1w) = 0. (99)

Arranging the above,

b et RS w0

The above shows that the relation between w, /w. and %,y is mutually dependent and
restricted by the above equation. Taking into account w,/w., Equation (22) is arranged
and expressed as:

1 1
SAU +8c(1) £ ja) = feje(f) — j { falll + —felcD V"

Wa JRed,L ~We Joxz+ L

h(j) =

(101)

where

Wa jRed,L —Wc ]'QXZ+,L

8C(71)=djcm)I—fcjc(f)—jc(j){fajA(j)+ fejc() } (103)

gAw):dﬁ*é’”:fajA<f>—fA<f>{f”A@+ fejc() } (102

Wa JRedl, —Wc f0xz+,L

i) = i) + L8 g gy £ U g2 ) () =5, (108
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jaltw) = —jc(itw) = wa ja(w) = —wc je(w) =

01 ) s 1= )+ o~ (S50 S5) o9

—We ]OXZ‘F,L

() = jc(nw) + _ sclmw) i =jc(nw) + {ac + (lXa ja(1w) 4% je(w) )}] (106)

& 8a(inw)+8c(w) Wa JRed L ' —We joxz+p

The 1(0) is expressed as:

h(0)

1 1 RT 1 ( RT 1 ) (107)

" fajalme) — fejctme) — fialmw)  zF jalme) \ zF —jc(iw)

The [h(j)] j~0 1s approximated to the linear relation:

[h(f)]jzo=h(0){1+< 202 28 +1‘2”‘a>]}. (108)

Wa JRed,L We jon+,L janw)

where,
waﬂ‘c wcaa

;. Xc ] .
1/jo+ (%ﬁ) / JRed, 1. + (%) / (_]Ox”,L)
We can see that the [h(})] . is approximated to a straight line having an intercept of

]
h(O)andaslopeofh(O)( 209 4 24 +172aa>'

Wa JRed,L We ijZ+,L ja(w)

Graphical representation is helpful to see the influence of w,/w. on the h(j) shape.
Employing reversible reaction data in Table 3, three reversible j(17) curves were drawn as
an example. Reversible j(#), having ratios of w,/w. = 1 (as a reference), w,/w. = 0.1/0.9,
and w, /w. = 0.6/0.8, are shown in Figure 11. Their (j) are shown in Figure 12.

We can see that not only the j(17) but also h(j) is strongly influenced by the w, /w.
ratio. Equation (100) will be useful when estimating the w, /w, ratio. It is necessary to pay
careful attention when determining the kinetic parameters using the reversible [k (j)] j~0°
Namely, graphical determination of «, and «a. of reversible reaction is very difficult. The
reason is that the line slope when w, /w. = 1 and 0.75 (= 0.6/0.8) is too small to determine.
Even if it were possible, a 4-5 decimal place reading is needed for accurate determination.

(109)

010_1....1.... T N NS N N N S |
o | \j(n) =Jja(m) +jc(m)
s 1 | S I _
< 0054 |/ et =
"~ 1 o Jm) =0.6/a(n) +0.8jc(m) [
B | | F 2 S PR N— I
Z 0.00 AR S——
7] 1 . F
< ] 4 L
§ 1 ; \j(n)=0-1ja(77)+0-9./c(77) [
= ’ 3
=} - -
3 -0.05- Fl s _
) (1 10 SURE S| RSO SU—— N—— S———

-0.02 0.00 0.02 0.04 0.06 0.08
Overpotential, 7/V

Figure 11. Influence of 77(w) on the shape of reversible j(;7) curve having various ratios of w, /wc;
wa/we = 1 (as a reference), 0.1/0.9, and 0.6 /0.8 are shown.
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Figure 12. Influence of h(j) on the shape of reversible j(17) curve having various ratios of w, / w..

In the case of the irreversible system having w, /w. # 1, the information on the anodic
branch will be possible when being in a far polarized state (7| > 0):

j=ja() +jc(j) = ja(j) (or jc(j) = 0). (110)

Let jpa be the minimum ja (j) in the above state. The iz _pranch(ja) can be obtained:

. . . 1 RT 1 1
e ) = - ) = s = 5 ey = e =) O

The second term will be close to zero when (w; jreqr. — j) > O:

RT 1 . {0.026 1 ] ~0. (112)
2z F Wa jredL — JpA<J<KWa JRed,L MaZ Wa JRed L — ] JpA<j<Wa jRed,L.
Then, Equation (111) is approximated as:
. RT 1 0.0261
[h(])}]'pA<j<<ZUa jRed,L ~ N,z F; = X,z 7 (113)
The value of &, z can be calculated by readings of i(j) and j:
.02
aZ R {206} (j>0). (114)
(]) J ij <j<wa JRed,L

Similarly, a. z of the irreversible cathodic branch will be obtained when the system is
cathodically far-polarized (7 < 0):

j=ia() +ic() = jc(j) (or ja(j) = 0). (115)
Let joc be the maximum jc(j) in the above state. Then, the ic_pranch(jc) can be
obtained:
1 RT 1 1
he_branch (jc) = hc—branch () = [H(j)];; . ~ = ( + ) . (116)
e —feji—j {fc j/ <_wc ijZ+,L) } teFA\TT T JovtL
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When ( j— We jOXz+,L) > 0, the second term will be close to zero:

RT 1
Az Fj—we joet 1.

0.026 1
KeZ | —We joxz+’L

~0. (117)

] We joxz+/L<<j<]‘pC |~ ‘| We joXZ+,L<<j<ij

Then, Equation (116) is approximated as:

. RT 1 0.026 /1
[h(]ﬂwc Joxz+L < <jpc ~ m <_]) - Qe Z <_]) . (118)

The value of a. z can be calculated as:

{ 0.026
Ko Z RS

— (j <0). (119)
h(j) |f|] pc < we joes 1|

It is important to notice that the w, and w. can influence diffusion currents (jreq 1. and
Joxz+ 1) but not charge current (jo). Arranging Equations (105), (106), (110), and (115), jpa
and jpc will be expressed as:

-1
. K Ka K
Tpa <]A(77w) Wa JRed L ~ —Wec ]oXZ+,L> (120
-1
. Ka Ka K
= | - — ; + ; . 121
Jec (]C(Uw) Wa JRed,L —We ]Oxz+,L> ( )

Each of j,4 and j,c is graphically characterized as inflection points on k(j). We can
obtain the relationship between j,a and j,c from Equations (120) and (121):

! :i+# (122)
jalmw)  jpa  —JpC

We can see that the above relation is essentially same as Equation (37).

3.6.2. Solution Resistance

In the practical analyses, all 1(j) must be compensated with physical factors such as
oxide film resistance and solution resistance. For instance, the cathodic branch h(j) of the
irreversible reaction must be compensated by oxide film resistance. It is expressed as:

. 0.026 [ 1 1 1
Dl = 22 (ﬁ o ]) (). 123)

The experimentally obtained curve always contains the solution resistance (I/x)s.

; — (i 1\ _ 00261 1 ! 1y _ 0026(1 1 !
[hexp(])]]’<jpc - [h(])]]<]pc + (%)s - m(j] + —we ijZJr/L) + (E)f+ (E)s = W(TJ + m) + (%)c' (124)
where, (I/x). is the total cathodic polarization resistance (= (I/x);+ (I/x)). The above

consists of three terms: % (_i) , 0026 (%) , and (L) . The first term is related to
C ] Ke Z ] We ]OXZ+/L K c

the charge transfer process; the second term, to the diffusion transfer process; and the third
term, to the physical factor. Since the (I/x). is a constant value, it will graphically emerge
as a horizontal line when |j| becomes large:

. _ [0.026( 1 1 L
(exp ()] < tarser = (822 (55 + o)+ (B) ) e 2 0790 (129
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Employing the above inequality, we can graphically estimate the value of (I/x)_as a
horizontal line (an asymptote line). In order to visualize the relation between (I/x)_ and
the curve shape, the cathodic branch of the /iex, () (we = 1) was drawn using example data
of (I/x), = 103,102, and 10~ kQ cm?. Their concrete expressions are shown below.
Their curves are shown in Figure 13.

1 1
hi(7) = [he_ ) + 0], = 10019 —+——]+0 > 0 kO cm? 126
1(]) [ C branch(]) + ]malarge |: (_] + i+ 100) + :|j%large cm ( )
) ) )
ho(7) = |he_ ) +1073 = 0.019<.+,> +1073 > 1073 kQ cm? 127
2(]) [ ¢ branch(]) } |jl—+large L —j j+100 d|j|—large (127
) ) ) ]
h3(j) = |heo ) +1072 = 0.019(,+‘> +1072 > 1072 kO cm? 128
3(]) |: ¢ branch(]) ] |j|—large L —]J ]+ 100 1|j]—large ( )
] . ) ]
hy(7) = |he N +10"1 = 0.019(. + - >+10—l ~ 10! kO em? 129
4(]) |: ¢ branch(]) } |j|—large L —J ] + 100 1j|—large ( )
102 m PR ETTTI B SN R T TT] MR SR R TT] BN SN W R 1171 B S SN W R TT] B S SN WA T 1T] B SR AT 111 B

h(j) = 0.019/(—))

2

Polarization resistance, 4/ kQ cm
=
| vl vl vl vl vl ol

N o
(1/K). = 1072 kQ cm? M
(I/K). = 1073 kQ cm? w

(I/1). = 1071 kQ cm?

—
[e)

(OLLELLLLL B L S I L N R L) B N R R R R

3 N\
10 .
)
10_4 I L L AL AL AL AL
100 10" 100 107 100 10, 100 107

Current density, |j| /mA cm

Figure 13. Influence of (I/«). on the shape of cathodic i(j). There are four example curves with
(1/x). = 0 (as a blank), 1073,1072, and 10~ 1kQ cm?. Orange dashed line of h(j) = &L ( 1 ) =

acz F\ =j
(8'%2(62) (%) =0.019 (%), on which the Tafel slope is satisfied, is added as a reference. All data for
drawing are the same values listed in Table 1.

Examining the relation between the curve shape and the horizontal lines, we can see a
clear tendency that the /1(j) curve with the larger (I/x)_ has the wider horizontal region. In
addition to that, we can also see a tendency between (I/x)_ and the Tafel slope region; the
larger (I/x)., the narrower the Tafel slope region. The latter tendency gives us empirical
advice that, to obtain the errorless Tafel parameters, we should employ an environment
having scanty oxide film resistance and small electrolyte resistance. The above discussion
is also valid for reversible and quasireversible reactions.

3.6.3. The hexp(j) in the Whole Current Range

When the curve shape of () largely depends on the degree of polarization, division
of h(j) is needed for accurate analysis. Using j,a and j,c, we can divide hexp (j) into three
parts:

[rexp ()], <t sy, = Ma-branch () + (1/5), = 2% (3 + argsiy ) + /), (130)
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[hexp(j)]jpcgjgij = [h(j)]jpcgjgij + (1/x) (131)

[hexp(j)]zva fRed 1 <J<jpC = hC—branch(j) + (Z/K)c = aCRgF (%] + %) + (l/K)C (132)

]‘*wc ijZ+,L

[h(j)] foc<i<ion in Equation (131) is almost identical to the [h(j)] j~o in Equation (108),
but we often encounter that the linear (the first order) approximation is graphically im-
possible. In this case, the second or third order approximation is necessary. Since the

high-order approximation generally becomes complicated, the use of [h(})] foc<i<ipa will be
helpful and effective. Its content is detailed as:
h(j = L 1
(Dje<icion = (133)

(1/[hA(j)]ij§j§ij + 1/[hC(j)]jpch§ij)

where the [l (f)] foc<i<ipa and [hc(f)] joc<i<ipa is anodic and cathodic branch polarization
resistance, respectively. They can be expressed by considering the following graphical
relation:

. ha(oa) = h(j
[hA(])}ij<j<ij={ Zijl(”]‘;)c) _>(£A) (134)

: _ [ fe(pe) = hjpc)
(e (Djpe<i<jon = { helipa) = 0 (135)
Since [hA(j)]jpcéjéij foc<i<ipa is
that of ic_pranch (jc), the following expressions are available in the experimental reality:

is the deformed curve of A _pranch(ja) and [hc ()]

. RT wa jRed,L (ij - ij) 1 1
N Va JRed | LSV S . 136
[ A(])]JPCSJSJPA N Z F ]pA (wa]Red,L — ]pC) ] — ]pC wa]Red,L 7] ( )

) RT wejo Z+,L(j A= C) 1 1
[hC(])]jpcgjgij = 2 zF. .X P : P — + S— (137)
< JpC (]pA — We ]OXZ+,L) JpA —] J c Jox#t L

The advantage of the above expressions is easy embodiment because the j, and jpc
can be directly read as inflection points appeared on hexp (j). Fortunately, the hexp(j) of
reversible reaction can be expressed as a single equation shown below:

. RT 1 1
[hexp (])]wc ijZ+,L§j§ZUa JRedL ﬁ < Wa jRed,L _j * ] — We jOXZ+,L> + (l/K) (138)

Of course, the reversible fexp(j) can also be obtained using Equation (133). The
reason is that Equation (138) can be obtained by only substituting joo = wa jreqL and
JpC = We jOXz+,L. After all, the hexp (j) for all reactions can be summarized as follows;

. RT 1 1
[heXP(]>]ij§j§wa jreat — wazF (] + Wa JRed — ]> + (Z/K)a (139)
1

hexp()]: ici = : : +(I/x) (140

[ e p(])]/pcSJSJPA 1/[hA(])]ij§j§ij =+ 1/[hc(])]ij§ijPA (1/x)

where, [l (j)] joc<i<jpa 1S Equation (136), and [hc(f)] joc<i<ipn 1S Equation (137).

. RT 1 1

e (D) joery <iine = a2 F < i HUM) +(1/0) (41

Here, at practical curve analysis, we can use a few distinctive characteristics on the
hexp(j): (1) If we can observe a straight line having a slope of —1, it is an appearance of
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irreversible process corresponding to rds. (2) When a vertical line is found, its current
corresponds to a limiting diffusion current; the anodic vertical line corresponds to the
limiting diffusion of reductant, Red, and the cathodic vertical line to that of oxidant, Ox*T.
(3) When we can find a horizontal line at large |jl, its value corresponds to physical
resistance.

3.7. Determination of Stable Chemical Species on Eexp(j) Using E-pH Diagram

The stable species appearing on Eexp(j) was examined using the E-pH diagram [30].
Since Hy and CO have been directly injected into the test solution, two E-pH diagrams
must be considered. The E-pH diagram of CO/CO; system superimposed by the H, /H*
system is shown in Figure 14.

e b b b b b baw o |

—_—
(9]

Eeq (HZ 0/02)

o

PRI S N S TN T AN TN TN S T T SN TN T SN [N T SN T AN S SO S
T

o
)

o
o

1
e
W

Electrode potential, £/ V vs SHE

Eeq(co/coz)/ CO(g) .

H,(g)

-1.0

S A B B S B S B S B B S B B B B B B B B S

1
—_—
W

—I‘YIIIIVIVVVIVVII'ITIYTY]TTYI

0 2 4 6 8 10 12 14
pH

Figure 14. Potential pH equilibrium diagram for the carbon-water system superimposed by the
hydrogen system is shown. The orange dashed line indicates the Eeq of CO/CO; redox reaction. The
region between blue dashed line of @ and ® shows the thermodynamically stable region of water.

Three equilibrium lines, an upper blue dashed line (®) of Eeq(Hzo /Op) = 1.23 —
0.059 pH, a lower blue dashed line (@) of Eeq(Ha/H™) = —0.059 pH, and a lowest orange
dashed line of Ecq(CO/CO,) = —0.10 — 0.059 pH are depicted in Figure 14. A red vertical
line shows experimental tracks of Eexp (j). The reason why all curves of Eexp () follow along
the red vertical line is that a 0.5 mol dm~3 H,SOy has remained at constant (=~ pH 0.3) due
to the very strong acid. Therefore, the thermodynamically stable chemical species can only
appear on the red vertical line. Their chemical species are Hy, H,O (rich H*), CO, and CO,.
The reactions discussed in this paper were restricted to the redox reactions related to the
four species. There is an opinion that the derivatives must be also discussed due to the
unstable CO in the water [30]. For instance, they said that the following chemical reaction
is necessary to be discussed:

CO + H,0O = HCOOH. (142)
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Furthermore, they said that, since the HCOOH is also unstable [30], the below oxida-
tion reactions are possible when being anodically polarized:

HCOOH + H,O — H,CO3 + 2H™" + 2e, (143)

or
HCOOH — CO, +2H™ + 2e. (144)

Although carbon derivatives such as HCOOH and H,COj are considered as chemical
attendants in actual operating environments, this paper limits to the redox reactions among
four species (Hy, H*, CO, and COy) for the sake of simple and essential discussion.

3.8. Curve Analysis for Reversible HER in Environment (I)

Stable chemical species and their redox reactions appearing on Eexp(j) in Hp + H2SO4
solution were examined. Since the E-pH diagram showed that the stable species at the
state (pH ~ 0.3, Eocp = 0 V) are H, and H", the redox reaction is the reversible HER:

H, = 2H" +2e (145)

The reciprocal redox reaction occurs at Eeq; the injected Hj is oxidized to H*, and at
the same time, the H* is reduced to H,. The h(j) belongs properly to the reaction of the
category (A). The analysis will be carried out employing curve techniques in this category.

3.8.1. Estimation of w, and w,

First, the estimation of w, and w. is examined. The representative tracks of (A) — (B)
— (C) = (D) — (E) — (B) in Figure 2 was employed. The polarizing start point (A) stays
on the line @), on which the reversible HER occurs. When 17 < 0, the cathodic branch as her
will be increased. Since H* abundantly exists in the solution, the her exponentially increases
with increase of |17|. When 17 < 0, the system will be overwhelmed by her (point (B)). When
1 > 0, on the contrary, the anodic branch as hor can be observed at (C) — (D). Due to the
poor solubility of Hy, the anodic current of hor will reach a certain limit. This vertical line
has its root in the limiting diffusion current of H, ji, 1. We can calculate the theoretical
jH,,1. based on two suppositions: (1) a moderate agitation using magnetic stirrer (Jy,
dependincg on agitation. It was estimated to ~ 0.01 cm in this experiment [2,6,7,31]), and
(2) the test solution in the Hy-saturated state (= 103 mol dm?) [5,32]. Their calculations
are shown as:

38x107°cmZs!
0.01 cm

D
i =2 F 2 [Holg ~ (2)(965 x 10° A's mol ) (
ot :

) (10—3 mol dm*3) ~ 0.73 mA cm 2. (146)
Table 1 tells that the w, ji, 1, as an anodic vertical line was:
Wa ju,L ~ 0.7 mA cm ™2, (147)

Then, w, can be calculated as:

_ WajmL  07mA cm 2
JH,L 0.74 mA cm ™2

= 0.96. (148)

On the other hand, we can estimate the w,/w. ratio by employing Equation (100).
Substituting 7 = 0V into Equation (100) returns the following:

Wa —z F _ -2 _
v exp(RT nw) = exp(ao26 X 0) =1 (149)

The above two results can lead to the conclusion of w, = w. = 0.96. Using w. = 0.96,
we can estimate the wc jy+ 1 :
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~ —(0.96)(1) (96.5 x 103 A's mol*l) (%) (10—0~3 mol dm*3) = —325mA cm 2.

z =

RT

- — Dy rpyt
We Jyy+p = —we z F 3yt [H ]bulk
2 —1

(150)

.01 cm

Unfortunately, we cannot find the actual wc j;+ | experimentally because it is over-
scaled in Figure 2.

3.8.2. Determination of z for Reversible HER

Using the readings in Table 1, rough estimation of z is possible. The z is calculated by
Equation (45), which is modified by w,, w., and I /x:

RT 1 12 N 0.026 12N, 151
F hexp(0) = 1/5 \ Wa jry1. | —We jygep ) 22x102-103\07 ' 325)

If the 1.8 can be rounded to an integer, the z becomes 2. In order to obtain the more
accurate z, the parallel displacement technique will be helpful. Employing Equation (48),
we can plot the relation between log {h(j + wa ju,1.) — [/« } and log|j|. The results of all
curves are shown in Figure 15.

[

e

il Lt iaainl il ol el il

=]

3

Polarization resistance, 4(j+0.7)-10 "/ kQ cm”
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=]
I 1 llllll‘ 1 IlllllII il IIIIIIII 1 IIIIIIIIl 1 llilllll 1 IIIIIIII Il IIIHlJ

it 10t w1 10 s 10 10

Current density,|j/mA cm

Figure 15. Relation between {hexp (j +0.7) — 1073} vs. Ijl is plotted. The z was estimated using the
green region data because their data satisfied the Tafel slope. The Tafel slope of —1 is shown with the
orange dashed line as a reference.

We can find that there is a current region satisfying the Tafel slope, which is depicted
as the green-toned region (4 mA cm™2 < |j| < 8 mA cm™2). The relation between the
calculated z and the green-toned |j| were plotted. The results are shown in Figure 16.
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Figure 16. Relation between the calculated z and the current region of 4mA cm™2 < |j| <

8 mA cm 2.

We can see that the HER occurred on Pt electrode has exactly z = 2. In this calculation,
the precondition of Equation (47) has been confirmed in advance:

RT 2

—- , , _ 0.026 2 <1074+ (152)
Z Fj+ Wa jH, L — W Jat L

2 (4~8)+07+325"~

] 458
It is acceptable in the margin of error that the approximation of < 10~*1 is & 0.

3.8.3. Confirmation of ja (0) = jq for Reversible HER
When w, = we = 0.96, the j4 is calculated to:

1 1

ja= . . = ~ 0.70 mA cm 2. (153)
1/ (wa jr, 1) +1/(—wc ]H+’L> 1/0.7 +1/325
Another way is possible by employing Equation (122):
. o 1 1 1 _
UA(WW)}WW:O = []A(])L’:o =7 = T I =3 T ~ 070 mA cm 2, (154)
Tpat o7 T

pa T T (i) | (wcir)

We can see that ja (0) for reversible HER is confirmed to 0.70 mA cm™2, and it is
exactly the same as the jq (= w; ju,,1.). In addition to the above, there is another way to
obtain the j (0). Its value can be calculated by substituting the experimental readings in
Table 1 into Equation (109):

A (0) = 0.96% 0.96% _ (0.96)"
A = 1/ + (096/0.96)/ 0.74 + (0.96/0.96)"/ 339~ 1/co + (1)/ 0.74 + (1)*/ 339

=0.71 mA cm 2. (155)

We can see that the above j5 (0) well agrees with the above two results.

3.8.4. Determination of Kinetic Parameters for Reversible HER

It is reported that the Tafel slope of reversible HER is ~ 30 mV decade !, although
the reported values have a scattered tendency [2,3,33]. It has been also pointed out that
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hth(j) = hreV(j) + -

zF

reliable value will be obtained in a low overpotential region [33,34]. Ambiguous problems
have been remained when employing the TEM. The employment of (j) can bring the clear
conclusion to b = 30 mV decade ™. Since the slope of the differentiated Tafel equation
(Equation (39)) is identical with the slope as a result of the parallel displacement (Equation
(48)),dn/dj ~ h(j+ wa ju,1). Namely,

d b 1 .02
dg _ b 1 _ {00,6} (156)
dj  23j|  Lzljl J.=
From the above, the b is as below:
b =23 x0.013 = 0.0299 V decade ! ~ 30 mV decade". (157)

Using h(j), it is conclusively proved that the Tafel slope of reversible HER is proved to
be 30 mV decade .
3.8.5. Agreement between Eexp (j) and Eg, (5)

Employing three data (I/x = 1073 kQ cm?, w, ji, L = 0.7 mA ecm ™2, and w, JurL =
—325 mA cm~2), the hy,(j) is shown as:

k2 \07—j j+325

_RT( 1 N 2 >+z:0.026< 1o, 2 >+10_3' (158)

Wa JHy, L — ] J— We it L

The above hy,(j) was plotted on the hexp(j) in Figure 3. The result is shown in
Figure 17.
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Figure 17. The hy, () was plotted on the Jiexp (). We can see that the red iy, (f) is overlaid on the gray
hexp (j)-

We can see that the red hy,(j) is on the gray hexp(j). In addition to the case of k(j), it
is also necessary to confirm the agreement between Eexp(j) and Eg, (f). The Eg,(j) can be
obtained by solving the following differentiated equation under an initial condition:

dEwn(j) , ,._0026( 1 2 N
d =ha(j) = = 07— T j7as) T 1O (159)
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E,(0) = 0V (initial condition) (160)
The above solution is as below:

(j+325)% 0.7

1073j (161)

The concrete Ey,(j) is drawn with red on the gray Eexp(j). The result is shown in
Figure 18.

1.0 T

0.8

0.6

Potential, £/ V vs SHE
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TR T vl losobetectotttt), doeteaddottitit] focaloatodat )

0.4
10° 10° 10" 10° 10’ 10°

Current density, |j | / mA cm.2

Figure 18. The curve of Ey,(j), which was obtained by solving the differentiated equations, is drawn
with red on the gray Eexp(j)-

The result that Ey, (j) considerably overlapped with Eexp(j) is conclusive evidence for
the valid approximation.
When the E(j) was embodied, 77 can be expressed as a function of j:

. 2
= E — Eeq = E(j) — E(0) = 0.0131n 3(;572(2;7335])) +1072 (= 5(j))- (162)

The relation between || and || is shown in Figure 19.

Figure 19 shows that small overpotential of || ~ 1 mV can flow |j| =~ 0.1 mA cm~2 to
both of branches. In a case of |7| ~ 10 mV, a current deference between the branches takes
place; =~ 0.6 mA cm ™2 flowing to the anodic branch and = —2 mA cm™? to the cathodic
branch. We can see that the current flowing to the cathodic branch is easier than that of the
anodic branch in the case of HER.
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Figure 19. The relation between || and |j| is drawn.

3.9. Curve Analysis of hexp(j) in Environment (II)

Figure 1 shows that the Eoc, was shifted to noble potential (0.26 ~ 0.34 V) when CO
was added into the H, + H,SO4 solution. The stable species at this potential are H" and
COs;. The injected H; and CO will be oxidized to H* and CO, when they come to contact
with Pt:

Hy — 2H" 4 2e. (163)

CO + H,0 — CO, + 2H" + 2e, (164)

Although the CO/CO; redox reaction is usually slow, it will be stimulated by the
Pt catalysis and raise to a reasonable rate [30]. Being cathodically far polarized, Figure 4
shows that |j| exponentially increases and reaches (G). Since (G) is located at —0.5 V, the
E-pH diagram shows that the stable species are changed to Hy and CO from the previous
H* and CO;. At (G), the following cathodic reactions will take place:

H, < 2H" + 2e, (165)

CO + H,O + CO, 4+ 2H" + 2e. (166)

The former reaction can vigorously occur due to sufficient supply of H" and the latter
poorly occur due to insufficient supply of CO,. Reversing potential, the anodic current was
observed around (H). Since this point is in the stable region of CO, and H*, the H, and CO
(actually Hyg and CO,g4, discussed later) will be oxidized to H* and CO, again.

H,y — H" +e, (167)

CO,q + HO — COp +2H™ + 2e. (168)

Since the repeated reactions shown above influence on the curve shape, their h(j) will
become complicated. In order to be simple 4(j), the route of (F) — (G) — (H) — (I) — (J)
— (K) in Figure 5 was broadly divided into three parts: (1) (F) — (G) (downward); (2)
(G) = (H) = (I) (upward); and (3) (I) = (J) — (K) (downward). If necessary, some of
them were further separated into smaller parts.

3.9.1. Analysis of (F) — (G)

The hexp(j) of downward (F) — (G) is picked up and shown again in Figure 20
together with the Eexp (j).
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Figure 20. The (F) — (G) of Eexp(j) in Figure 4 and hexp (f) in Figure 5 are picked up as representa-
tives. The orange dashed line with the Tafel slope is shown as a reference.

(a) Point Analysis of (F)

Since the stable chemical species at (F) are CO, and H", the injected H; and CO are
changed to H* and CO,. The redox reactions related to them are shown as:

Hy = 2H" + 2e (j1, Eeq), (169)

CO + HyO = CO, 4+ 2H" 4 2e (jo, Eeqn)- (170)
Since Eeq1 (= 0V) > Eeqp(= —0.1 V), the mixed system will be built up. The following
reactions having mixed potential (Ep,, Eeqp < Em < Eeql) will proceed:

Hy < 2H" + 2e (j1, Eeq1), (171)

CO + H,0 — CO, +2H" + 2e (ja2, Eeq)- (172)

The net current at E, is expressed as:
J = JaT Jc = Way Jay + Wey Jo; + Way fay + Wey Joy R Wey ey + Way Jay = 0. (173)

In the actual state, the j., is prevented from attending because the solution is saturated
with continuous H, bubbling and there is no space of the H; solubility. As a result, the her
hardly occurs.

We, Je, = 0. (174)

In the other hand, Equation (172) can occur because the continuous injections of Hj
and CO will purge the CO, from the solution. There is a space for the CO; solubility. Its
solubility can be estimated using the Nernst equation:

Eeqz = —0.10 — 0.059 pH + 0.03 log% (175)
CcO

The relation between CO and CO; is calculated at Eeqp = 0.32 V (= Eop):

Pco, _ 100.32+0.1gzg.059(0.3) ~ 1014 (176)
pco
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The thermodynamic answer tells us that the solution at (F) contains huge amounts of
CO;,. However, the huge amount does not mean infinite CO; solubility. We know that here
is a solubility restriction; the actual CO; solubility is up to its saturation [32]:

[COLpuix < [COal,s = 10715 mol dm 2. (177)

sat

The CO; in the solution is probably over-saturated. As a result, the Pt electrode at (F)
will be entirely surrounded with a plenty of CO and CO,.

(b) Partanalysis of (F) — (F1)

The reaction occurring on (F) — (F1) — (F1') is Equation (172). It is the cathodic
branch of the reversible reaction of Equation (170). A clear vertical line observed on the
way of (F1) — (F1’) is a sign of the CO, reduction reaction having a diffusion process.
We can analyze Equation (172) using (j). In order to compare the theoretical hy, (j) with
the experimental Jiexp (j), the hy, (j) of the stationary state can be expressed as below:

RT 1 1 I
ha(i) = — - -+ - - ) + - 178
(/) zF (waZ JcoL —] ] — W2 JCco,L K (178)

Employing we jco, 1 = —1.5 x 1073 mA cm 2 (cathodic vertical line, (F1) in Figure 5)
and wy; jcoL = 1.2 X 1073 mA cm ™2 (anodic vertical line, (I1) in Figure 21 shown later),
1/x =~ 80 kQ cm? (estimated using actual value of hexp(0)). It is expressed concretely as:

0.026 1 1
B (7) = . 17
() 2 <1.2><10—3—j+j+1.5><10—3>+80 (179)

MR TTT] B SR TTT] B S W TTT] B S A W R TTT] B S A WA TTT] B S SRR TIT

(F1). (FL')

E>

2
=

10°

LML SRR LU B AL B L B L L R LU B R

Polarization resistance, 4/ kQQ cm
=
| IR TTTY BN AR TTTTT BN ETRRTIT BT RTTTT RS RTTTTY BN ARTTIT BT RTTIT ST AR T |

[ s T e e S S S s S

—
ol
ESN

00 107 100 10, 100 10’
Current density,|j//mA cm

Figure 21. Comparisons between hy, (j) (pink) and the hexp (f) (gray): a part of (F) — (F1), together
with all parts of (F1) — (F2) and (F2) — (G), is also shown, which will be discussed later.

The cathodic part shown above is drawn on the gray (F) — (F1) with pink in
Figure 21, in which the gray hexp (j) is shown for comparison.

The large value of I/« (: 80 kQ) cm2> suggests that the Pt electrode surface was
heavily covered with adsorption CO; and CO. In addition to the large !/ /x, there is other
evidence relating to the heavy coverage. Considering the actually observed values of CO
and CO,, the w, and w. can be roughly estimated using the following jco1. and jco, 1
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105 em? s~

- Dco 3 -1 ! -3 3 2
feor = 2F °2[C0Ly, ~ (2) (96.5 % 10> A s mol ) ol (10 mol dm ) —019mAcm~2,  (180)

105 cm? s~ !
0.01 cm

dco,

jcos = —2F 2°2[COy . & —(2) (96.5 x10° A's morl) ( ) (10*1-5 mol dm’3) = —61mAcm2 (181)

Each of w,y and w can be calculated using the above results:

Wa2 jcor 12X 103 mA cm 2

W, = Ya2 =10"22, 182
22 jcoL 0.19 mA cm 2 (182)
‘ —15x 1073 mA cm 2
Wey = 2oL _ % L (183)
JCO,L —6.1 mA cm

Small way (= 10722) and we (= 1072%) give confirmatory evidence that the active
surface is almost lost. Close observation of Figure 5 shows that all /iexp (j) have peculiar
humps around (F2). Considering the humps, it is natural to divide the (F1) — (G) into
two parts: (F1') — (F2) and (F2) — (G).

(b1l) Part Analysis of (F1') — (G)

Since E(j) in Figure 20 shows that the stable chemical species of (F1’') — (G) are CO
and H, the following two cathodic reactions can occur competitively:

Hy <~ 2H" +2e” (je1, Eeq1), (184)
CO + HyO - CO; +2H" +2e™ (jeo, Eeqa)- (185)

(b2) Partanalysis of (F1') — (F2)

The j in this cathodic region can be expressed as:
j=ja+t jc = jo=We jo + We, foo- (186)

Considering that CO; is consumed and poorly supplied, it will be acceptable that the
Jje2 (= jco,,1) is almost constant current. The j.; can be arranged as:

ja = (—wa jo)/wa = (j — We2 jeco,1) / Wer- (187)

Then, the h(j) is expressed as:

dE dE 1 1 1
h(j) == = - — = 7 2 = - — = —Nnc1 (). (188
(]) d] d (wC1 Jer + Wey ]Cz) Wey d]Cl /dE + wczd]cz /dE Wey /hC1 (]C1) + We, /hCz (]Cz) Wel <t (]Cl) ( )

The above means that the h(j) of (F1') — (F2) is identical to hi¢ (je1)/wei. Since the
he1(je1) is cathodic part of reversible reaction, the hy, (j) is:

1 l 1 RT 1 2 l
N L . i _ aL _ 1
hth(]) Wel hd(]d) * (K)c Wel { zF <_ jcl * jcl — We1 jH*,L) } - (K)c ( 89)

Substituting Equation (187) into the above:

() = T — — + <l) . (190)
zF\we jco, =] ] — W2 jCo,L — War” fyg+ 1. K/
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Employing we jco,1. = —1.5 x 1073 mA em ™2, we jco, L + Wep? Jutp & —1.5x
1072 mA cm~2 (vertical line extrapolated from (F2)), and (I/x), ~ 103 kQ cm?, the hy, (j)
is embodied:

0.026 1 2
hin(j) = 1073, 191
(/) 2 (—1.5><10~°’—]‘+]'+1.5><102>Jr 0 (191)

The above hy,(j) having pink is added to the gray (F1) — (F2) in Figure 21. We
can see that the hg,(j) is on the hexp(j). The large decrease of (I/x). from the previous
80 kO cm? to 103 kQ cm? is due to the departure of adsorption CO and CO, from the
electrode surface. It is originated from the H; evolution and the disappearance of CO, by
the consumption reaction of Equation (185).

(b3) Part analysis of (F2) — (G)

Since a straight line having a slope of —1 was observed on (F2) — (G), we can
regard it as an irreversible reaction having rds. Therefore, the total number of reactions
occurring on (F2) — (G) are three. They are mutually competitive reactions.

Hy < 2H" +2e” (je1, Eeq1), (192)
CO + HO + COyp +2H* +2e™ (jea, Eeqa), (193)
H,q < H" +e (jg, Eeqs, rds, disacussed later). (194)

We can calculate the a3 z3 using the straight line data of 0.3 < [j| <1 mA cm™2:

.02
N 723 = — : 0.0 6_3 ~ 0.62. (195)
] [hexp () —1073] 5 Slilst

Needless to say, the following precondition has been confirmed in advance:

0.026 1 {0.026 1

_ 34 (~
07 j+ > 100} 03 Sljjg1 <1 (% 0). (196)

Xe3 23 [ — WBfy+ 1,

Although the ‘wcg jH+/L‘ cannot be observed in Figure 5, it is certainly > 100 mA cm 2.

The obtained values of a3 and z3 must simultaneously satisfy the following restrictions:

w3 z3 = 0.62 (197)

z3 =1, 2, ... (integer) (198)

O0<ag <1 (199)

The most preferable combination is a3 = 0.62 and z3 = 1, because if z3 = 2,

Equation (194) becomes reversible reaction. The result of zz = 1 means that the rds is
one electron transferred reaction. When the conjugate reductant of the H* is H,q, it is the
well-known reaction having the Tafel-Volmer mechanism:

Hy < H +e (200)
The below reaction (Heyrovsky mechanism) is also possible if the result is z =1, only:
Hy <+ H" + Hyq +e (201)

The net current in this track is shown as:

j=Jatjcm jc= Wey jCl + We, jCz T Wey st (202)
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Taking into account of the limited w¢, je, (: We, Jy+ L) and the constant

We, jo, (= We, jco,,1), the by, (j) is shown as:

1 l 1
hin(7) = . . —+ (=) =—hg(ju)+ (L) . (203
th(]) wC1 /hcl (]cl) +w€2/hC2 (]Cz) +w€3/hC3(]C3) (K)c wC3 CS(]C3) (K)C ( )
Arranging Equation (202), jc, is shown as:
jCa = (] — Wey jCl = We,y jCz)/wCs (204)

Similarly, the hy, (j) is expressed as:

hea() = 1) RT L 1 . (i)
thl] Wey | 323 F\ = joy Jes — Wes jH*,L K/)c

1 RT 1 1 :
= , , — + —— . + (5 205
Wes | de3z3 F| ]~ W Joy — Wy Joy w — We jH*,L <K>c (205)
We,
0026 1 N 1 ( 1 )

e3 23 \ Wel jyg+ |+ We2 jeop L —J = Wat g+ 1 — We2 jeop L — Wes? fyg+ 1. k)¢

Employing the assumed value of w¢1 jyy+ | + Wea jco,L & —5 X 1073 mA cm 2 and
‘wc32 Ju+L ‘ > 100 mA cm ™2, g, (j) can be embodied as:
0.026 1 1

hn (j) = 107° ~0042( ———— ) +107°. 206
(/) 0.62 —5><10—3—j+j+5><10—3+ >1OO>+ (—5><10—3—j)+ (206)

0.026

The pink curve above is added to the gray (F2) — (G). We can see that the hy, (j)
is almost on the hexp (j), except around (G). This exception may be caused by a fact that
the (I/x), around (G) is not always constant and probably changeable by the vigorous H,
evolution.

3.9.2. Analysis of (G) — (H) — (I)

The representative hiexp (j) of upward track of (G) — (H) — (I) is picked up and
shown in Figure 22 together with its Eexp (j)-

Considering the zigzag curve around (G1), it is natural to divide (G) — (H) — (I)
into two parts: (G) — (G1) and (G1) — (H) — (I).

(a) Partanalysisof (G) — (G1)

This part consists of the same cathodic reactions of (F2) — (G), but the electrons
pumped into the system are gradually decreased this time. Similarly, as before, the a3 z3
can be calculated using the actual current range indicating a line slope of —1. The result is

shown as:

.02
K3 23 = 0.026 ~ 0.55. (207)

] [hexp () = 1073] 1 <<
The above result of 0.55 is different from the previous result of 0.62. Clear reasons
are unknown, but one of them must be due to change of electrode surface after or before
being attacked by her. In an example case of a3 ~ 0.6 and w¢; jH+,L + W jco, L =

—1.5 x 1072 mA cm 2, the previous Equation (206) is changed to the following kg, (f):

1

hth(j) = 0.6

15x102—j " j+ 15102+ >100

1
) +10°% ~ 0.043( e > +1073.  (208)

—15x102—
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The above is drawn in pink in Figure 23 in which the gray hexp(j) is shown for

comparison.
1.0 _—I TENIRETTT| R RETT | &Ilzl'l)lllll NI ETTT| I R TTT B A ETIT] R E R | .E_ 104
0.8 i =100 S
4 "N F e
= 0.6 C o N
% . § 10 §.
= 0.4—: L 10' o
2 0.2- 2
= i E 100 =
= 0.0 8
2 ] [ =
£ -0.2- = 10" =
2 E @)
] i 28
-0.4- =107 2,
-0.6 —r——rrrm e 10-3

10° 100 100 107 10" 10°

Current density, |j| / mA cm

1 2
, 10 10

Figure 22. The representative (G) — (H) — (I) of Eexp(j) and hexp (j) in Figures 4 and 5, respectively,
are shown. The orange dashed line with the Tafel slope is shown as a reference.
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a2)
(1)

10"

2

Polarization resistance, 4/ kQ cm
=

(G)
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Figure 23. Comparison between pink &y, (j) and gray hexp(j) is shown. A part of (G) — (G1) is
shown. Other parts of (G1) — (H) — (I11), (I1) = (12), and (I2) — (12") are also shown, which
will be discussed later.

A similar result that the hy,(j) was almost on the hexp(j) except around (G) was
obtained.

(b) Analysisof (G1) — (H) — (I1)
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Considering the zigzag behavior in the cathodic region and the vertical line in the
anodic region, the reactions are supposed to be a mixture of Equations (192)-(194). In this
paper, the main reactions are assumed as the below, which are irreversible reactions:

CO,q + HHO — CO, + H" + Huyg +e (ja4/ Eeq4), (209)

H; «+ H* + Haq +e (jc5/ EeqS)- (210)

Since the above system is a mixed system having large hexp (0), each branch reaction
is categorized to the irreversible. The j,(0) of irreversible reaction almost equals to jo, the
jo can be calculated using the common Equation (57).

0.026 0.026

. B ) . |
0= Q) —17%) ~ () x (B —10-3) _0x 10 mAem = @)

Employing Equation (56), hy,(j) of the anodic branch of Equation (209) (x4 =~ 0.28 by
trial and error) and the cathodic branch of Equation (210) (x5 ~ 0.6) are embodied as:

S 1\ 0.026 1 1\ 0026 1 L
(7)) 20 = [hirrey ()]0 + (K>a— - {j0+(“a4_“c4)].}+ <K>a_ : (6X104 _0‘45]4) +1073%, (212)

o 1\ 0026 1 1\ 0026 1 .
(e (7)]j<0 = [irrev (7)]j<0 + <K)c oz { Jo + (aas — Déc5)j} " <K>c o1 (6 x 104 —O.Zj) T el

The above hy, (j) with pink is added to Figure 23. We can see that the pink /iy, (j) is on
the gray hexp ().
(c) Analysisof (I1) — (I2)

The stable chemical species of (I1) — (I2) are H" and CO,. Since two clear vertical

lines were observed at (I1) and (I2), these anodic reactions relate to two limiting diffusion
processes. The candidate reactions are:

COuq + HHO — CO, + H™ + Huyg +e (ja4/ Eeq4)r (214)
Hy — HY + Haq + e (jaSz EeqS)/ (215)
Hy — 2H" + 2e (jaz, Eeq2)- (216)

The above j is expressed as:
J=Ja+ jc R JA = Wa2 jaz + Wa4 jad + Wa5 Ja5 - (217)

It is impossible to distinguish j,5 from j,», but the observed jy,; is a summa-
tion of them. Considering the constant values of Way jag + Wa5 jas = Wa4 jco, L +

Wa5 JH,,L (% 1.3 x 103 mA cm_z), the j,o is arranged as:
o = (= Wat jcot — Was fin 1) /w2 = (j=13%107) fw.  (218)
Similarly, the h(j) is expressed as:

. . 3
nj) = hao (ja2) _ hap ((j—1.3x 10 )/waz). 219)

Wa2 Wa2

Since the above hy;(ja2) is the anodic branch of the reversible HERher, its hy, (f) is:
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_’1a2((f*1-3X1073)/wa2)jL 1\ _ 1 RT 1 4 2 (L
K)a  Wa 22 F \ (j—1.3x1073)/wy Way Jry, L~ (j=1.3%1073) /way K)a

(220)

~ 0.026 1 2 1
S e T e R jHZ,L+1.3><103—]'> + (")a'

For an example, when w2 jiz, 1 ~ 2 x 107> mA ecm 2, and (I/x), ~ 140 kQ cm?, the
above is embodied as:

0026 1 2
I () = = (j— 13x1023 © 33x10°3 —j) +140. 221)

The above is drawn with pink in Figure 20. We can see that the pink iy, (j) is on the
gray hexp (j). The large increase of (I/x), from 1073 kO cm? to 140 kQ) cm? is probably due
to the residue H,q and the newly produced H,4 by Equations (214) and (215).

(d) Analysisof (I2) — (12/)

The stable chemical species of (12) — (12') are H" and COj, too. It is characteristic
that three-digit drop of Jiexp (j) was observed. Considering the significant decrease, it is
apparent that the H,q consuming reaction had occurred. The oxidation reaction of H,gq
should be newly added to the previous reactions:

Hag — H* +e (ia3r EeqS)r (222)
The j is:
J= ja+ jC = JA = Wa2 ja2 + Wa3 Ja3 + Wad4 jas + Wa5 fas (223)

Similarly, when the vertical value at (I2) is the constant value of wa jaz + Wa4 jaa +
Was5 ja5 = (Wa2 + Wa5)jH,, 1 + Wa4 Jco,qL (z 32 x 1073 mA cmfz), the j,3 is expressed as:

jg = (j 32 % 10*3) /Wa3. (224)

Since the h,3(ja3) is the anodic branch resistance of irreversible reaction, the hy,(j) is
expressed when (I/x), ~ 1073 kO ecm? and a3 23 ~ 0.7:

. has((7—3.2x1073) /w,
() = "2l 0 )w3)+(%>a

(225)
_ _RT 1 + ' 1 )+ (7)
aa3 z3 F\ j—32x1073 w,32 ]Had,L+3.2><10’3—] K)a
Under assumption of
! ~ 0 (226)
wa32 jHad/L —j+32x 103
Equation (225) will be approximated to:
.~ 0.026 1 _
han(j) ~ +1073. (227)

07 j—32x1073

The above hy,(j) of (12) — (I2) is drawn with pink in Figure 23. We can see that

the pink /iy, (j) is on the gray hexp(j). The large drop of (I/x), to 1072 kQ) cm? from the

2

previous 140 kQ) cm” is due to complete disappearance of H,q4.
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3.9.3. Analysis of (I2') — (J) — (K)

The representative lexp () of downward track of (12') — (J) — (K) is picked up and
shown in Figure 24 together with its Eexp (j)-

10*
38
10’ £
T 10° 2
- S
>
> 10' g
& z
= 10" E
= (@]
5 .£
1S 10 <
(= =~
1025
(@]
BI\J
107

10° 10° 10" 100 107 10" L10° 10° 10

Current density, || / mA cm

Figure 24. The representative (I12') — (J) — (K) of Eexp(j) and hexp(j) in Figures 4 and 5, respec-
tively, are shown. The orange dashed line with the Tafel slope is shown as a reference.

The reactions in this track should be the same reactions as that of (G) — (I2). We
can obtain the numerical /(j) using the same equations but different data. Similarly,
it is necessary to divide (I2') — (J) — (K) into five parts: (I12') — (I3), (I3) — (14),
(4) — () — (J1), J1) = (J1), and (J1') — (K). The hy,(j) divided into five parts is
shown in Figure 25 with pink together with the gray hexp (j) curve.
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Figure 25. Comparison between pink /iy, (j) and gray hexp (j) in (12') — (J) — (K) is shown. All
divided parts of (I2') — (I3), (I13) — (14), (I4) — (J) — (J1), (J1) — (J1'), and (J1') — (K) are
also shown together.
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0.026

(a) Partanalysis of (I2') — (I3)

Using the same as Equation (227) but different data, the hy,(j) of (12') — (I3) is

embodied as:
0.026 1

05 j—1.8x 1073

han(j) ~ +107° (228)

The overlap between the iy (j) and the hexp(j) shows the result of good approx-
imation. The different data used are two: «,3 = 0.5 (from the previous value of 0.7)
and (wa2 + Wa5)jH,,L + Was jco,, L ~ 1.8 X 1073 mA cm ™2 (from the previous value of
3.2 x 1073 mA cm~2). Clear reasons for the differences are unknown, but one of them may
be due to the appearance or disappearance of H,q.

(b) Part analysis of (I3) — (I4)
The hy,(j) in this region is the same as Equation (221), but different data.

hn(j) = + +70 (229)

0.026 < 1

05 \j—035x103 ' 22x10°3 —j)

The reason for change of z = 2 to z = 0.5 is by curve fitting result. The actual reaction
may be different from Equations (214)—(216). The further experiments are needed. The
above is drawn with pink in Figure 25. We can see that the pink /1, (j) is on the gray hexp (j)-
The decrease of (I/x), to 70 kQ) cm? from 140 kQ cm? is probably due to the decrease of
the Had-

(c) Partanalysis of (14) — (J) — (J1)

The hy, () in this region is the same as Equations (212) and (213), but different data.
Similarly, jo can be calculated as:

0.026 0.026

o B B . |
Jo=7 (heg) —1/5) (1) x (190—103) 14x10"* mA cm . (230)

Employing Equation (56) and the curve fitting, hy, (j) of the anodic branch (x4 ~ 0.2)
and the cathodic branch (x5 = 0.995) are expressed as:

. . ! 0.026 1 5
[en (7)]j50 = [irsev (D)]j0 + (x)a T (1.4 x 104 — 0.6]’) B s

o I\ 0026 1 N

The above hy, (j) with pink is added to Figure 25. We can see that the pink hy, (f) is on
the gray hexp (j). Around (J1), there was a gap. This gap is caused by irreversible reactions
having values of a;3 = 0.6 and a,5 ~ 0.995.

(d) Partanalysis of (J1') — (K)
Using the same Equation (208) and the same data:

1 1 1

hth(j) = 0.6

15x102— " j+ 15102+ > 100

) +107° ~ 0.043<02_].) +107°  (233)

-15x1

The above hy, (j) curves considerably overlapped with the hexp (j) curves.

3.10. Analysis of Quasireversible HER (Environment (I11))

When the CO injection is stopped, the test solution will be gradually occupied by Hp.
Complete restoration to the reversible reaction will depend on whether the Pt surface is
thoroughly clean or not.
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JA (O)in Figure 3 |:

=
~

o

UlexP(o)_l/K) :| in Figure 3 (I’lexp(O) - l/K)in Figure 7 (003 ~ 006) —103

3.10.1. Estimation of w, at CO Stopped

Figure 6 shows the shape changes of Eexp(j) when the CO injection is stopped. We
can see that the first Eexp(j) followed the irregular track of (M) — (N) — (O)— (P), but
the second and subsequent curve converged to the regular track of (P) — (Q) — (R).
Considering the solution saturated with Hy, main reaction is the HER:

Hy 2 2H" +2e (j1, Eeqt)- (234)

The cathodic branch curve shape in Figure 6 is very similar to that in Figure 2, so we
can deduce that the cathodic branch contains reversible her process. Focusing on the anodic
branch, on the other hand, an apparent tendency of sequential changes of j,1 was observed,
especially at the potential range of 0.3 V < E < 0.7 V. Careful reading leads to the fact that
the value of j,; at 0.7 V increased with the increase of cycle number (N). The increased w,
can be calculated as:

[wa jatlatoz v _ 3% 1072 ~5x 1072

=0.04 ~ 0.07 2
L 07a 0.0 0.0 (235)

Wy =

The increasing w, as increasing N is another sign that the hor gradually recovers
from the contaminated state. We can see that there is an interesting fact when calculating
ja(0). Comparing the hexp(0) ~ 0.02 kQ) cm? in Figure 3 against the hexp(0) = 0.03 ~
0.06 kQ cm? in Figure 7, the ja (0) ratio between them is calculated below:

1

jA(O)in Figure 7 |:

ZF (hexp(0)—1/x)

- =14 ~ 2. 2
(hexp (0) — /) 0.022 103 8 (236)

1 in Figure 3

:| in Figure 7

When the above ratio is averaged and assumed to 2, it is the same ratio of j,(0)
between the reversible (ja(0) = jq) and the quasireversible (ja (0) ~ jq/2). Taking into
account the experimental facts, the j5 (0) ratio and the curve shape resembling, the reaction
in the environment (III) can be categorized to the quasireversible. This means that the
CO-contaminated Pt surface is gradually changed to be clean after several N.

3.10.2. Determination of Kinetic Parameters in the CO-Stopped Solution

In previous sections, we discussed that redox reaction in the H,SO, + H, + CO-CO
solution is the quasireversible. Some curves are probably on the way of the recovery
process from the irreversible to the reversible. Figure 26 shows the enlarged current region
at j = 0. Arrows and numbers of (1)~(12) are the polarization direction and the N, except
for the first cycle.

It is clear that the linear relation holds in the range of |j| < 0.02 mA cm™2. The
values of . and z are calculated by employing the fexp(0), the calculated slopes, and
ja(0) = 0.46 mA cm~2 (by graphical determination, detailed in later 3.10.3):

_RT 1 B 0.026 237)
F ja(0) (hexp(0) —1/%)  (0.46) (hexp(0) — 0.001)
'S c 203\ ~ — 2(1—ac c 1-2(1—ac
e = (om0~ £) (et + 28+ 580) ~ G010 (M0 25 )

The relation between the calculated values (x. and z) and the N was plotted. The
results are shown in Figure 27.
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Figure 26. Relationship between hexp (j) and the enlarged j. We can find that there is a linear relation
at |j| ~ 0 mA cm—2 (g 0.02mA cm’z).
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Figure 27. Relationship between the calculated values («. and z) and the cycle number (N) is shown.
We can see that the a. and the z converge to 0.6 and 2, respectively, at N = 12.

We can see that the a. and the z are about 0.5 and 2 at N = 12. In detail, we can find an
interesting fact that the . of the odd N was smaller than that of the even N. The reason is
not so clear, but the «a. is changeable and may be deeply influenced by polarization history.
Further confirmations are needed.

3.10.3. Graphical Determination of j4(0)

Employing the determination way of ja (0) discussed in Section 3.5, we can graphically
read its value. One of the tracks (as a representative; (P)-(Q)-(R) of N = 12) was employed.
It is the green curve shown in Figure 28.
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Figure 28. The track of log h(j) vs.log| j | of N=12 in Figure 7 is selected as a representative for the
graphical estimation. The hag(jo) is drawn in pink with chain curve. The chain line of wj, ji, 1 is
added for easy reading.

The hao(jo) of Equation (75) and the w, ji, 1 <: 0.7 mA cm_z) are added to Figure 28

with pink chain curve. The horizontal straight line of /exp (0) — 103 (=~ 0.03 kQ) cm? at
N =12) meets the hao(jo) at (C1) and the w, ju, 1 at (C2). Three crossed points are

shown as:
jo~14mAcm 2: (Cl), (239)
Wa j,L = 0.7mA cm ™2 (C2), (240)
‘wc ]'H+,L‘: (C3) (cannot observed, assumed to > 10> mA cm_z). (241)

Substituting the above readings into Equation (7), we can calculate the ja (0):

1 1
~ 0.46 mA cm 2. (242)

jo+1/ jrear + 1/ — jogy  1/(~14)+1/070+1/ > 102

Employing the ja (0) and the fexp (0), the z can be roughly calculated to:

RT 1 0.026
= T 7a(0)h(0) _ (046)(003) _ 72 (243)

The rough agreement of j (0) (z 0.46 mA crn*z) with jq/2 (: 0.70mA cm~2/2 =

0.35 mA cmfz) can also lead to the conclusion that the redox reaction in a HySO4 + Hp +
CO-CO solution is a quasireversible reaction.

3.10.4. Agreement between Eexp(j) and Eg, (f)

Employing ac = 0.6,1/x = 1073 kQ cm?, (1/x), = 103 kQ sz,(l/K)C =10"3kQ cm?,
Wa jH, 1 = 0.7 mA cm ™2, and ’wc jH*,L‘ > 102 mA cm 2 (% 325 mA cm’z) , the quasire-
versible hy, (j) is calculated using Equations (133)—(137). The calculated result is shown
below:

l 0.0024 0.018 0.014 0.0063

N L
hen (7) = hquasi (/) + 65 055 7 " 160 +].+338+1.5><10 . (244)
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Taking into account the realistic restrictions, (1) hy, (j) has two terms corresponding
to the anodic and cathodic branchs, (2) the numerator is near to 0.013 (=0.026/2), and (3)

hn(0) = hexp(0) (z 0kQ cm2>, the above hy, (j) is approximated as below:
1 1

) = -3
hn(j) = ().013(0'53 — + 5% ) +15x 1075, (245)

The above hy, (j) above was plotted on the /exp (j) in Figure 3. The result is shown in
Figure 29.
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Figure 29. The hy, (j) was plotted on the hexp (j). We can see that the red iy, (f) is almost overlaid on
the gray hexp ().

We can see that the red hy, (j) is almost on the gray hexp(j). In addition to the £ (j)
curve agreement, it is needed to confirm the agreement between Eexp(j) and Eg,(j). In
the case of quasireversible reaction, it is necessary for the complete agreement that the
Ew(j) is divided into three parts. They are obtained by solving the following differentiated
equations under initial conditions:

(1) we iy, <o (~325mAem </ < —174mAem?)

d Ew(j) . 1 1 3
——==h =0.027 1 1 24
Em (jpc) = Ey(—1.74) = —0.028 V (an initial condition). (247)
The above solution is as below:
) = — Jj+ 325 Yy
Ewn(j) = —0.16 + 0.027 ln(o.437 — +1077 . (248)

@ e <j<jpa (~174mAcm 2 < j < 0437 mA cm2)

d Ew(j)
dj

j+4.60
053 —

Ew(j) = 0V (an initial condition). (250)

= hy(j) = —0.028 +0.013 ln( > +15x1073, (249)
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The solution is:

Eq(j) = —0.063 — 0.0024 In(16.5 — j) — 0.018 In(0.53 — j) + 0.014 In(j + 4.60) + 0.063 In(j +338) + 1.5 x 1073j.  (251)

(®) jpa < < Waji, (0437 mA cm 2 < j <070 mA em?)

dEn() _ ;o _ 1 1 -3
Y hin(j) = 0.046 ( 5= —+ 1) 1073, (252)
Em (]p A) = En(0.437) = 0.024 V (an initial condition). (253)
The result is shown as:
Ean(j) = —0.074 +0.046 In[ —241 ) 11073}, (254)
070 — j
The concrete Ey,(j) is drawn with red on the gray Eexp(j). The result is shown in
Figure 30.
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Figure 30. The curve of Ey, (j), which is obtained by solving the differentiated equations, is drawn
with red. The cathodic part of Ey,(j) is on the gray Eexp(j)-

The curve technique using h(j) shows that the cathodic part of Ey,(j) completely
overlaps with Eexp (). In contrast, the anodic part of Eg, () shows almost a line compared
to the curve of Eexp (j)- When considering w, as a function of # or time, the anodic part of
Ewn(j) will probably show better agreement with Eexp (j). Some mentioned above will be
further studied and reported elsewhere.

4. Experimental Section
4.1. Specimens

Two platinum wires (99.98% Pt, NILACO Ltd., Tokyo, Japan) were employed for
working and counter electrodes. Each wire was 0.3 mm in diameter and 50 cm in length.
The electrodes were formed on a spiral shape. The counter electrode had a geometric area
of 4.7 cm?. The working electrode had an exposure area of 3 cm? by masking an insulating
area with silicon resin. They were ultrasonically cleaned in warm acetone and immersed in
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a HNOj solution for 180 s at an ambient temperature. They were rinsed thoroughly with
deionized water before every test.

4.2. Test Solution

Chemical grade sulfuric acid (98% HSO,4, Wako Pure Chemical Industries, Tokyo,
Japan), high purity hydrogen gas (99.99999% H,, Air-Water Inc., Tokyo, Japan), and carbon
monoxide gas (99.95% CO, Air-Water Inc., Tokyo, Japan) were employed. The test solution
was saturated with Hp and injected with CO under atmospheric pressure. The solution was
deionized water having 1 dm>. During experiments, the solution was always maintained
in the Hy-saturated condition by continuous Hp bubbling. The solution pH and electrolyte
conductivity of the test solution were about 0.3 and >20 S m~!, respectively. The dissolved
oxygen concentration in the solution was always <0.4 ppm.

4.3. Measurements

Measurements were carried out under the Hj-saturated solution at around 298 K.
The CO gas was injected/stopped in a 0.5 mol dm~3 H,SOy solution. An automatic
electrochemical instrument (Hokuto Denko Inc., HZ7000, Tokyo, Japan) was employed for
CV. The Ag/AgCl electrode in the saturated KClI solution (DKK-TOA Co., HS-305D, Tokyo,
Japan) was used as a reference electrode. All of the electrode potentials were converted to
V vs. SHE and simplified to V in this paper unless otherwise noted. The distance between
the working and reference electrodes was <1 cm. The E(j) curve was not corrected for the jR
drop because the physical factors such as solution resistance can be compensated using the
curve technique, which was detailed in Section 3.6.2. A slow scan rate of 0.3 mV s~ ! was
selected for the steady state measurement because the E(j) unaffected by time is supposed
to be the steady state curve [5,34]. Since the resulting data had frequent scattering tendency,
smoothing was necessary. Using a commercial software (Igor Pro 6, 6.2.2.0, WaveMetrics,
Lake Osawego, OR, USA, 2011), the experimental E(j) was mathematically smoothed.
Arranging mathematical formulas, commercially available software (Mathematica ver.10)
was used.

5. Conclusions

In order to analyze the CO poisoning effect, a few curve techniques were employed
to investigate the hydrogen electrode reaction (HER = hor + her) occurring on the Pt
electrode in a 0.5 mol dm 3 H,SO; solution saturated with H, when CO-injected or not.
Using the curve techniques, the followings were confirmed: HER before CO injection
showed typical reversible reaction, having z = 2. After CO injection, her was changed
to an irreversible reaction, having z = 1 and &, ~ 0.6. When CO injection was stopped,
HER gradually changed to quasireversible from an irreversible reaction. The h(j) of HER
before/after the CO injection were analyzed not only algebraically but also graphically.
It was found that HER poisoned with CO would change to a reversible, irreversible, or
quasireversible reaction depending on CO content in the solution. It was also found that
the kinetic parameters transferring among reversible, irreversible, and quasireversible
could be determined by employing h(j).
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Appendix A. List of Symbols

J(n) is the net current as a function of overpotential (mA).

Ja(n) is the anodic branch current as a function of overpotential (mA).

Jo(n) is the cathodic branch current as a function of overpotential (mA).

S is the geometrical surface of electrode (cm?).

Sa is the effective area where the J,(17) flows (cm?).

Sc is the effective area where the J.(77) flows (cm?).

w, is the weighting factor that has suitably weighted value in proportion to the surface of
the anode (-).

w, is the weighting factor that has suitably weighted value in proportion to the surface of
the cathode (-).

j(7) is the net current density as a function of overpotential (mA cm~2).

ja(17) is the anodic branch current density as a function of overpotential (mA cm~2).

je(n) is the cathodic branch current density as a function of overpotential (mA cm~?2).
jpa(1) is the minimum j,(17) in the state of j(17) = ja(17) + je(17) = ja(y) (MA cm™2).

jpe(17) is the maximum jc(7) in the state of j(17) = ja(y) + jc(7) =~ je(17) (MA ecm™2).

11 is the overpotential between an applied potential, E and the Eeq (V).

i = E — Eeq (A1),

Eeq is the equilibrium electrode potential (V vs. SHE).

10, RT 1 19 houk RT . [0 ],

EC is the standard electrode potential (V vs. SHE).
E? is the formal electrode potential (V vs. SHE).
z is the number of electrons transferred (-).

F is the Faraday’s constant (F = 96.5 x 10°> A s mol ™).
R is the gas constant (R =831 ] mol ! K_l).
T is the absolute temperature (K).
{Red }, ik is the activity of reductant (Red) in the bulk solution (-).
{Ox""}, i 1s the activity of oxidant (Ox*") in the bulk solution (-).
[Red], . is the concentration of the Red in the bulk solution (mol dm ™).
[Ox#*], . is the concentration of the Ox*" in the bulk solution (mol dm ™).
faisaaz F/RT (V7).
feisacz F/RT (V7).
&4 is the anodic transfer coefficient (-).
ac is the cathodic transfer coefficient (-) (= 1 — aa).
fiszF/RT (V7).
f=fa+fc=zF/RT (V71) (A3).
JRed,L is the limiting diffusion current density of the Red, (mA cm_Z) .

lglged [Red], i = z F kreq[Red]p, (A4)

ed

JRed L =2 F
Joxz+ 1 is the limiting diffusion current density of the Ox*t, (mA cm_2> .
. Do,z

JoxrrL=—2F 5572: [OX Ty = =2 F kg [OX* T (A5).

DReq is a diffusion coefficient of the Red (cm? s 1).

D2+ is a diffusion coefficient of the Ox** (em?s™1).
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ORed is the Nernst diffusion layer thickness concerning the Red (cm).
8o+ is the Nernst diffusion layer thickness concerning the Ox** (cm).
kRed is the rate constant of the Red (cm s~ 1).

koyz+ is the rate constant of the Ox** (cm s 1.

ja(0) is the total exchange current density (mA cm_2> .

jo is the exchange current density for charge transfer process (mA cm_z) .

jo =z Fk? [Red]p<,, [Ox*F] 2 (A6).

k? is the standard heterogeneous rate constant (cm s~ ).

(1/x); is the polarization resistance relating to oxide film or product layer (= I¢/x, kQ cm?).
I¢ is the thickness of oxide film or product layer (cm).

k¢ is the conductivity of oxide film or product layer ((kQ2 cm) )

(I/x), is the polarization resistance relating to solution (= Is/xs, kO cmz).

I is the distance between the anodic site and the cathodic site (cm).

i is the conductivity of the solution ((kQ cm) ).

The units used in this paper satisfy the requirements of coherent system [35,36].
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