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Abstract This paper covers the role of the rate-determining
step (RDS) in anodic hydrogen extraction from hydride-
forming electrode. In general, hydrogen extraction from
the electrode proceeds through the following steps: (1)
hydrogen diffusion within the electrode, (2) hydrogen
transfer from absorbed state to adsorbed state, (3)
electrochemical oxidation of hydrogen to hydrogen ion
involving charge transfer, and (4) hydrogen ion conduc-
tion through the electrolyte. In most theoretical and
experimental investigations, it has been assumed that the
RDS of anodic hydrogen extraction is hydrogen diffusion
through the electrode. In real situation, however, the
overall rate of hydrogen extraction is simultaneously
determined by the rates of two or more reaction steps
including hydrogen diffusion. The present work provides
the overview of anodic hydrogen extraction in case that
diffusion is coupled with interfacial charge transfer,
interfacial hydrogen transfer, and hydrogen ion conduction
through the electrolyte as well as the purely diffusion-
controlled hydrogen extraction. In addition, the mixed
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controlled diffusion model was also exemplified with oxygen
reduction at gas diffusion electrode of fuel cell system.
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Introduction

Hydride-forming metals and alloys have been extensively
investigated because of their technological applications
to electrode materials for rechargeable batteries [1-4].
For several decades, the mechanism of hydrogen insertion
into and extraction (desertion) from the hydride-forming
electrode has been the main interest to who wants to
realize a high-power application. A detailed knowledge of
hydrogen insertion and extraction has been acquired by
using various electrochemical techniques such as cyclic
voltammetry [5, 6], electrochemical impedance spectroscopy
[7-11], galvanostatic potential transient technique [12, 13],
and potentiostatic current transient (PCT) technique [14—18].

In particular, AC impedance spectroscopy has been
widely used to identify the various reaction steps and to
determine the rate-determining step (RDS), since it
provides an exceptionally powerful tool for separating
the dynamics of several electrode processes with different
relaxation times [19, 20]. In addition, the PCT technique
has proven to be helpful for an understanding of the
electrochemical reaction mechanism [4, 21]. The theoretical
treatment for the PCT by an analytical calculation allows us
to extract quantitative estimates of kinetic parameters for
hydrogen extraction.

With few exceptions, most researchers have analyzed their
experimental data of current transients for hydrogen extraction
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under the assumption of the diffusion-control concept [15—
17]. This concept presumes that hydrogen diffusion in the
electrode is the RDS of hydrogen extraction. However, various
types of abnormalities have frequently appeared in the
measured current transients, indicating that a more complicated
mechanism may become involved in hydrogen extraction.

The present article discusses the RDS of anodic
hydrogen extraction from the hydride-forming electrodes
employing both AC impedance spectroscopy and anodic
PCT technique. For this purpose, we first derived the
theoretical expression for the AC impedance spectra and
anodic current transient, then numerically calculated the AC
impedance spectra and anodic current for each hydrogen
extraction model suggested.

Theoretical analysis of hydrogen extraction
under the purely diffusion control

In general, anodic hydrogen extraction from the electrode
proceeds through the following steps: (1) hydrogen diffu-
sion within the electrode, (2) hydrogen transfer from
absorbed state to adsorbed state, (3) electrochemical
oxidation of hydrogen to hydrogen ion involving charge
transfer, and (4) hydrogen ion conduction through the
electrolyte, which is schematically shown in Fig. la.

Under this circumstance, hydrogen extraction can be
described by a series of the proton migration resistance R,
the charge transfer resistance R, the hydrogen transfer
resistance Ry, and the hydrogen diffusion resistance Ry,
which is described in Fig. 1b. Here, a fast reaction step is
characterized by a small resistance, while a slow reaction
step is represented by a high resistance.

For simplicity, the linear relationship between current /
and overpotential  was introduced for each reaction step.
When a steady-state condition is attained, the rates of all
reaction steps in this series should be the same. Under this
condition, 7 for each reaction step can be written by:

Nem = 1" Rin (1)
N = I Ret (2)
e = 1™ Rig (3)
ng = IRy (4)

where I* is the steady-state current.
Summing Eqs. 1-4, one obtains:

I = (M + Mot + My + Ma)/ (R + Ree + R + Ry) (5)
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Fig. 1 Schematic diagrams of a hydrogen extraction through the
hydride-forming electrode and b hydrogen extraction from the
hydride-forming electrode represented by a series of resistance

Thus, I* is limited by one or more reaction steps with large
values of R. Accordingly, the conventional diffusion-
controlled hydrogen extraction refers to the condition where
Ry exceeds Ry, R, and Ry considerably, leading to 7y >>
N> et and 7y, so that ' is uniquely determined by the
resistance of hydrogen diffusion.

To explicitly investigate the role of RDS in hydrogen
extraction, the analytical expressions for AC impedance
spectra and current transients were determined. Considering
the diffusion of the absorbed hydrogen through the
membrane under the impermeable boundary condition
experimentally accessible, the Faradaic admittance can be
derived in the following way. Charge and mass balance
give

ir

7o (charge balance) (6)
de
Iinax T =V o (mass balance) (7)

where ir depicts the Faradaic current, F' the Faradaic
constant (96,500 C mol "), v, the rate of charge transfer,
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I'hax the maximum surface concentration of adsorbed
hydrogen, 6 the coverage of adsorbed hydrogen, j,—o means
the flux of the hydrogen at the surface.

The electrochemical response to sinusoidal oscillation of
potential can be expressed in Taylor series expansion.
Neglecting the second- and higher-order terms of the series
expansion, the sinusoidal response is given by

8v1 ~ . aVl ~ .
_ t
vi =W+ <—6E)Eexp(/wt) + (89>0exp(/wt)
8\/1 - .
+ (E)cexp(]wt) (8)

; o\ ~ . O\ » .
St
o =w + (—8E>Eexp(]a)t) + (ae)eexp(/a)t)
8\/2 - .
+ (§>cexp(]wt) 9)

where v, is the rate of hydrogen transfer, v{' the steady-state
rate of charge transfer, v3' the steady-state rate of hydrogen
transfer, £ the electrode potential, ¢ the concentration of
hydrogen, j the unit of the complex number, i.e., vV—1, w
the angular frequency, ¢ time, and the superscript ~ means
the perturbation due to sinusoidal oscillation.

Considering hydrogen transfer at low hydrogen cover-
age, the rate of hydrogen transfer is given as

V) = kze — k_zc (10)

where k, is the rate constant of hydrogen transfer from
adsorbed state to absorbed state, and k_, is the rate constant
of hydrogen transfer from absorbed to adsorbed state.

From the characteristics of Volmer adsorption and Tafel
desorption reactions, it is apparent that

8\/] o
(E) =0
8\/2 -
<8_E) =0

The flux of hydrogen at the surface by sinusoidal
oscillation is given by

D .
Jemo = THC‘St + \/joDy tanh(, /jDﬁL)Eexp(j(ot) (13)
H

where Dy represents the chemical diffusivity of hydrogen,
c* the hydrogen concentration in steady-state, and L is the
thickness of the electrode.

(11)

(12)

Substituting Eqgs. 8 and 13 into Egs. 6 and 7 under the
reaction constraint given by Eqs. 11 and 12 and equating
the time-dependent terms of each other,

i (g (g
. (aE)m (ae)" (14)
. =~ (Ovi\=  [(Ovi)x -
ja)FmaXH = (8_E)E+ (%)9— \/ja)DH
xtanh< wa)a (15)
Dy

Considering the mass balance between the rate of
hydrogen transfer Eqs. 11, 12 and the flux of hydrogen
diffusion to the surface Eq. 13, one can obtain

Sk atsteady — state (16)
6 Diig, Y

~ v,

== () (17)
O —(32) + VoD anh (/1)

Substituting Eq. 17 into Eq. 15, one obtains

s v

o_ (5%)

— = o (18)
E v (W)

Jol'm = (55) +
1—

&
“Dc_
@Dy tanh o,

Substituting 6 in Eq. 18 into & in Eq. 14, the Faradaic
admittance Y, is determined as

i O, o (5%)
== \ag)|'" (19)
E OF i — L (v i
Jjo—7—(55)+ )
1— Jc
L Mldnh< [,—HL)_
One sets
1 v Ovy
RC‘:_#’B:_<_)’]€2:(—>’ (20)
F(2) or or

and k_, = — <88V2)
c
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Equation 14 representing the Faradaic admittance can be
converted to impedance equation representing the electri-
cal equivalent circuit,

E 1
Zr =—= =Ry + 21
f if ct jChe + 1 . ( )
ow coth(1 /%L)
B e
_ 1 _ _ BRy _ ko
where Cy = — BR Ry = — ol and oy = —TBRH.

Considering the migration resistance R,,, and double layer
capacitance Cy, the total impedance Z, is expressed as
1

Ziotal = Ry +————
total m ]a) Cdl T %

= R + - 22
JoCa + +— L (22)

ct T 1

joCyt——————
o
oy coth ( o L)
Rppt————

V/JjeDy

The equivalent circuit corresponding to Eq. 22 is shown
in Fig. 2. Here, it should be noted that the resistances R,
Ry, R, and the Warburg impedance coefficient oy are not
independent, but closely coupled each other.

A widely held concept in analysis of hydrogen extraction
is that hydrogen diffusion in the electrode is the RDS. A
more precise description of the diffusion-controlled concept
is as follows:

Jjo
coth ( D—HL)

oDy 23)

Ziotal = OW

The Nyquist plot of the AC impedance spectrum
calculated from Eq. 23 is shown in Fig. 3a. The impedance
spectrum of Fig. 3a consists of a straight line inclined at a
constant angle of 45° to the real axis, which represents the
Warburg impedance, in the high-frequency range and a
capacitive line in the low-frequency range. The Warburg
impedance is attributed to the semi-infinite diffusion of
hydrogen within the electrode, and the capacitive line is
related to the accumulation of hydrogen at the impermeable
boundary.

R 2w

Fig. 2 Equivalent circuit for hydrogen extraction through the hydride-
forming electrode
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Fig. 3 a Nyquist plots of the impedance spectrum and b anodic
current transient on a logarithmic scale, theoretically determined under
the purely diffusion control

In addition, the Laplace transform of the current

response i(s) to a potential step is related to the impedance
by [4, 22]:

o——
A= SZtotal(S)

where s represents the Laplace complex variable. The
theoretical expression for the PCT can be derived from the
inverse Laplace transform of Eq. 24. For the diffusion-
controlled hydrogen extraction, the following current—time
relation is finally obtained:

(24)

D\ '? L
= F(c® — &) — for i — 25
i (c c)(m> 0rz<<DH (25)
2F(c® — ¢*)D ’D L?
= % exp <— ”4L2H l) for i >> D_H (26)
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where ¢° and ¢® denote the initial equilibrium concentration
and the surface concentration of hydrogen, respectively.

Figure 3b illustrates the anodic current transient on a
logarithmic scale numerically calculated from Egs. 25 and
26 under the pure diffusion control. The simulated current
transient clearly exhibits a linear relationship between the
logarithm of current and the logarithm of time with an
absolute slope of 0.5, which represents the Cottrell
behavior, followed by an exponential decay of current with
time, as predicted from Egs. 25 and 26.

Hydrogen extraction under the mixed control

Most of the electrochemical experiments from hydride-
forming electrodes have been analyzed by employing the
diffusion-controlled concept described in the previous
section. However, anomalous behaviors of several types
showing a strong deviation from the diffusion-control
model have frequently been observed.

The abnormality in the current transients commonly
observed is that the slope of the logarithmic current
transient is lower in absolute value than 0.5 in the early
stage. The anomalous behaviors in hydrogen extraction
from various hydride-forming electrodes have been inde-
pendently explored by several research groups [23-26].

Especially, Pyun and coworkers have made an exhaustive
study into anomalous hydrogen extraction in hydride-forming
electrodes [21, 27-31]. From the analyses of the experi-
mental and theoretical current transients, it is suggested
that the diffusion-controlled constraint is scarcely satisfied at
the electrode surface, when hydrogen diffusion proceeds
under the dominant influences of the proton migration, charge
transfer, or hydrogen transfer reactions.

Diffusion coupled with charge transfer

One of the basic premises of the diffusion-control model is
that the charge transfer reaction on the electrode surface is
too facile to affect hydrogen extraction. However, there is
much experimental evidence indicating that the charge
transfer rate is not sufficiently fast to maintain the validity
of such assumption. As a matter of fact, many of the AC
impedance results from hydride-forming electrodes suggested
the presence of a large interfacial charge transfer resistance,
which implies slow charge transfer kinetics [8, 9].

In those cases, it is plausible that both hydrogen
diffusion and interfacial charge transfer are markedly
disturbed from the equilibria, thereby hydrogen diffusion
and interfacial charge transfer become simultaneously
involved in the RDSs of hydrogen extraction. This means
that hydrogen extraction proceeds under the constraint of
hydrogen diffusion mixed with interfacial charge transfer.

In the case of hydrogen extraction under the mixed
control of hydrogen diffusion and charge transfer, the
analytical expression for impedance spectra were derived
by assuming that both hydrogen diffusion and charge
transfer control the rate of the overall reaction. A more
precise description of this concept is as follows:

1
VjwDy
Re¢v/joDy+ow coth %L)

Ziotal = (2 7)

JjoCq +

The Nyquist plot of the AC impedance spectra calculat-
ed from Eq. 27 is shown in Fig. 4a. It is found in Fig. 4a
that all the calculated impedance spectra is composed of an
arc in the high-frequency range, a straight line inclined at a
constant angle of 45° to the real axis in the intermediate
frequency range, and a capacitive line in the low-frequency
range. From the fact that the size of the high-frequency arc
increased with increasing charge transfer resistance, it is

5 T T T T
(a)
e}
= 4F 1
N 25.1 Hz
[0y
2
g 3 ]
o
[0}
Q
£
>0 1
I}
£
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E 1t -
s increasing charge transfer resistance
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(b)
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Fig. 4 a Nyquist plots of the impedance spectra and b anodic current
transients on a logarithmic scale, theoretically determined as a
function of the charge transfer resistance under the mixed control of
hydrogen diffusion and charge transfer
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confirmed that the high-frequency arc is closely related to
charge transfer.

The theoretical expression for the PCT can be derived
from the inverse Laplace transform of Eq. 27. For the
mixed control of hydrogen diffusion and charge transfer,
the following current—time relation is obtained:

2F(c® —
L

e A? b2Dy )
X ——— €X -z t
ZAZ + A+ B2 p( L

n=1

) ¢*)Dy
1=

(28)

where A is the dimensionless parameter denoting the ratio
of the diffusion resistance Ry to the charge transfer
resistance R (A=Ry/R.) and b,, is the nth positive root of
(b tan b—A=0).

Figure 4b gives on a logarithmic scale the anodic current
transient numerically determined from Eq. 28 as a function of
the charge transfer resistance. The simulated current transients
deviated from the Cottrell behavior in the case of a large charge
transfer resistance, and the deviation from the Cottrell behavior
grew up with rising charge transfer resistance.

Here, it should be stressed that the shape and value of
the current transient are highly dependent on the potential
step. The initial current at /=0 rises exponentially with
increasing potential step, represented by the Butler—Volmer
equation. Hence, the linear relationship between the
logarithmic initial current and the potential step is one of
the decisive experimental evidences.

Diffusion coupled with hydrogen transfer

Investigations of some metal hydrides such as Pt, Pd, and
Ni single crystal surfaces [32, 33] have indicated the
existence of absorbed state for hydrogen at the electrode
subsurface which represents hydrogen atom residing just
beneath the surface layer of the metal. In the case of
hydride-forming metals which are capable of absorbing
hydrogen, therefore, hydrogen transfer between H,q on the
electrode surface and H,, at the electrode subsurface has
been considered to be one of the essential steps for
hydrogen extraction. Actually, its role in hydrogen extrac-
tion has been discussed in several theoretical models and
evidenced experimentally [34].

To the best of our knowledge, Yang et al. [35, 36] first
carried out the systematic studies on hydrogen extraction
under the influence of the hydrogen transfer reaction by
using galvanostatic potential transient method. In their
works, the theoretical formulations were made for the
galvanostatic discharge process including hydrogen diffu-
sion followed by the hydrogen transfer reaction, and the
experimental data obtained from the Zr-based amorphous
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alloys were found to be successfully explained by the
theoretical model derived.

In the study of hydrogen extraction under the mixed
control of hydrogen diffusion and hydrogen transfer, the
impedance spectra were analyzed by assuming that hydro-
gen diffusion and hydrogen transfer control the rate of the
overall reaction. A more precise description of this concept
is as follows:

1
VJjwDy
Rpv/joDy+ow coth ( %L)

Ziotal = (29)

JoCye +

The Nyquist plot of the AC impedance spectra calculat-
ed from Eq. 29 is shown in Fig. 5a. Similar to Fig. 4a, all
the calculated impedance spectra is composed of an arc
in the high-frequency range, a straight line inclined at a
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Fig. 5 a Nyquist plots of the impedance spectra and b anodic current
transients on a logarithmic scale, theoretically determined as a
function of the hydrogen transfer resistance under the mixed control
of hydrogen diffusion and hydrogen transfer
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constant angle of 45° to the real axis in the intermediate
frequency range, and a capacitive line in the low-
frequency range in the same manner as the mixed control
of hydrogen diffusion and charge transfer. However, the
high-frequency arc is attributed to hydrogen transfer
rather than charge transfer; hence, as the hydrogen transfer
resistance increased, the size of the high-frequency arc also
increased.

The theoretical expression for the PCT can be also
derived from the inverse Laplace transform of Eq. 29. For
the mixed control of hydrogen diffusion and hydrogen
transfer, the following current-time relation is obtained by
assuming that charge transfer is so facile that the adsorbed
hydrogen on the electrode surface is immediately oxidized;
hence, the value of 6 approaches zero:

2 1/2
i:F(F]:ax)coexp (F]:ax) DLH erfc F]:ax (DLH) ] (30)

Figure 5b gives on a logarithmic scale the anodic current
transient numerically determined from Eq. 30 with respect
to the hydrogen transfer resistance. All of the simulated
current transients hardly follow the Cottrell behavior, i.e.,
the logarithmic current transient runs with an absolute slope
flatter than 0.5. In addition, the absolute slope of current
transient decreased with increasing hydrogen transfer
resistance.

However, the logarithm of the initial current at =0
shares the almost constant value irrespective of the potential
step. From the fact that the anodic current transient shows
non-Cottrell behavior, but the initial current remains nearly
constant regardless of the potential step, it is conceivable
that hydrogen extraction from the hydride-forming elec-
trode proceeds under the mixed control of hydrogen
diffusion and hydrogen transfer.

Diffusion coupled with hydrogen ion conduction

In literature [29], the anodic current transients measured in
the electrochemical cells with various distances d between
the working and reference electrodes. As the value of d
decreased, the absolute slope of the logarithmic current
transient increased from 0 to 0.5. It is generally known that
the proton migration resistance R, is linearly proportional
to the value of d in a planar configuration of the
electrochemical cell.

Bearing in mind that the logarithmic current transient
exhibits an absolute slope being close to zero for a large
value of R, it is reasonable that the current plateau is
attributed to simultaneously effects of hydrogen diffusion
and proton migration on hydrogen extraction.

The impedance spectra of hydrogen extraction under the
mixed control of hydrogen diffusion and proton migration

were analyzed by assuming that hydrogen extraction
proceeds under the condition where hydrogen diffusion is
mixed with proton migration. A more precise description of
this concept is as follows:

coth( #L)
H
VJj@Dy

The Nyquist plot of the AC impedance spectra calculat-
ed from Eq. 31 is shown in Fig. 6a. It is found in Fig. 6a
that all the calculated impedance spectra is composed of a
straight line inclined at a constant angle of 45° to the real
axis in the high-frequency range and a capacitive line in the
low-frequency range in the same manner of the purely
diffusion control. However, the intersection of the straight
line with the real axis moved away from the origin as the
migration resistance increased.

Ziotal = Ry + ow

(31)

5
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a .
~ 4t .
N
o)
2
s 3f 7
kel
D
Q
E
>2r 1
5]
c
= 3
5]
E1f -
' increasing migration
resistance
00 1 2 3 4 5
Real Impedance, Z'/ Q
T T T T
(b)
1k .
i{ 05
< -~
=R RO
o I RN
= 10 . . BRI B
8 increasing migration -
resistance
10-2 1 - W
10° 10° 10" 10°

Time, t/s

Fig. 6 a Nyquist plots of the impedance spectra and b anodic current
transients on a logarithmic scale, theoretically determined as a
function of the migration resistance under the mixed control of
hydrogen diffusion and proton migration
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The theoretical expression for the PCT can be also
derived from the inverse Laplace transform of Eq. 31. For
the mixed control of hydrogen diffusion and hydrogen
transfer, the following current—time relation is obtained:

. 2F(c®—c*)Dy
i=—
L

e A2 b2Dy
X — ¢ - ¢
Z/12+A+b3 Xp( L? )

n=1

(32)

Here, it should be noted that A is defined as the ratio of the
diffusion resistance Ry to the proton resistance R, (A=R4/R.,)
rather than the charge transfer resistance R, in Eq. 28.

Figure 6b gives on a logarithmic scale the anodic current
transient numerically determined from Eq. 32 as a function
of the migration resistance. Similar to the mixed hydrogen
diffusion and charge transfer, the larger the proton
migration resistance, the more the deviation from the
Cottrell behavior. Furthermore, the relationship between
the logarithm of the initial current at /=0 and the potential
step shows the same tendency as the mixed control of
hydrogen diffusion and charge transfer.

Application of mixed diffusion control theory to analysis
of overall oxygen reduction in fuel cell system

The mixed diffusion control theory can be extended to the
electrochemical reaction in fuel cell which occurs under the
constraint of the mixed control of proton migration and
charge transfer. Many researchers have reported that the
overall oxygen reduction reaction in the gas diffusion
electrode proceeds under the condition where proton
transport through the Nafion electrolyte is kinetically mixed
with the charge transfer reaction at the three-phase
boundary [37, 38].

The systematic studies on oxygen reduction under the
mixed diffusion control have been carried out by Pyun and
coworkers employing potentiostatic current transient tech-
nique and AC impedance spectroscopy [39—44]. In their
works, the analytical expressions of the current transient
and impedance spectrum were derived under the mixed
control, and the experimental evidences were found to be
successfully explained by the theoretical model derived.

In the study of oxygen reduction in fuel cell condition
under the mixed control of proton migration and charge
transfer, the impedance spectra were analyzed as follows:

R.R 1/2 RA\/2
zml:(mi‘“) coth L(R—m) (14 joRCq)"?

33
1+ ] CURct Cdl ct ( )

The Nyquist plot of the AC impedance spectrum
calculated from Eq. 33 is shown in Fig. 7a. The measured
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impedance spectrum consists of a straight line inclined at a
constant angle of 45° to the real axis in the high-frequency
range and a depressed arc in the low-frequency range. Here,
the straight line in the high-frequency range is attributable
to proton transport through the Nafion electrolyte and the
low-frequency arc is due to the charge transfer reaction at
the three-phase boundary.

The theoretical expression for the PCT can be derived
from the inverse Laplace transform of Eq. 33 as follows:

2AE & A b2
1(t) = a t
) Rin 2 A+ A+ b2 P (Rcthle )

n=1

(34)

Figure 7b gives on a logarithmic scale the anodic current
transient numerically determined from Eq. 34. The loga-
rithmic current transient runs with an absolute slope flatter
than 0.5.
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Fig. 7 a Nyquist plots of the impedance spectrum and b anodic
current transient on a logarithmic scale, theoretically determined under
the mixed control of proton migration and interfacial charge transfer at
the three-phase boundary of fuel cell
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Concluding remarks

The present work provides the overview of anodic
hydrogen extraction from the hydride-forming electrode in
case that diffusion is coupled with interfacial charge
transfer, interfacial hydrogen transfer, and hydrogen ion
conduction through the electrolyte as well as the purely
diffusion-controlled hydrogen extraction. The theoretical
expressions of the AC impedance spectra and anodic
current transient were first derived for each hydrogen
extraction model suggested. Then, the AC impedance
spectra and anodic current transient were analyzed as a
function of each resistance. Furthermore, the given model
was readily applied further to oxygen reduction at the gas
diffusion electrode.

In this study, only four kinds of RDSs, i.e., purely diffusion
control and three mixed diffusion controls, are considered.
However, hydrogen extraction and oxygen reduction proceed
in the presence of structural defects in real multiphase system
in complex ways as well; hence, it is conceivably expected
that three or more reaction steps simultaneously determine the
overall hydrogen extraction and oxygen reduction. These
problems are still open to solve.
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