Chapter 7
Electrocatalytic Reactions Involving
Hydrogen

Many reactions of industrial importance are electrocatalytic, i.e., they involve the
specific adsorption of intermediates, for example hydrogen, chlorine, and oxygen
evolution, oxygen reduction, and methanol or ethanol oxidation in fuel cells. Many
different electrochemical techniques were used to study these reactions, and EIS is
one of them, providing interesting kinetic and surface information. Certain model
reactions will be presented in what follows with a detailed method of relating
impedance parameters with mechanistic and kinetic equations.

7.1 Hydrogen Underpotential Deposition Reaction

On several noble metals (Pt, Rh, Ru, Ir, and Pd) hydrogen adsorption takes place at
the potentials positive to the equilibrium potential for the hydrogen evolution
reaction. This is a so-called hydrogen underpotential deposition reaction (HUPD)
and indicates a strong adsorptive interaction between atomic hydrogen and the
surface metal atoms. Similar UPD processes are observed for the deposition of
metals on metals [237]. Certain reactions, like Cu UPD at Pt, Ru, or Rh, are used as
diagnostic tools to determine the real surface area of electrocatalytic materials.

Although the adsorption isotherms are usually complex [238], the simplest
Langmuir isotherm will be presented first and later the Frumkin isotherm will be
shown. The following development is similar to that in Sect. 5.1. The HUPD
reaction in acid and alkaline solutions may be written as

k
H™ + M + ¢ = MHyq, (7.1)
ki
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or

Hy0 + M + ¢ = MH,q, - OH . (7.2)
k_ 1

The kinetic equations in acid solution are

40 dlu_ do
= _Fy; = — =— , 7.3
=g T g T (7.3)

vi = kCy+(0) (T — FH)eiﬂf(EiE?) - k(i1FHe(liﬁ)f(E7E[‘))
(7.4)

= T [KCi (0)(1 = Or)e™ (D) — k0 gyt PY (£,

where Q is the charge corresponding to the adsorption of H (C cm™?), v, is the
reaction rate (mol cm 2 sfl), o1 = F I'y is the charge necessary for one monolayer
coverage by adsorbed H (C cm™?), K is the standard rate constant of hydrogen
adsorption (cm3 mol ! sfl), k(ll is the standard rate constant of desorption (sfl),
Cy+(0) is the surface concentration of hydrogen ions, I, is the total surface
concentration of adsorption sites (mol cm ?), [y is the surface concentration of
adsorbed H, E(l) is the standard potential of reaction (7.1), 6y is the fractional surface
coverage by adsorbed hydrogen, and 8y = I'y/T',,. It is evident that the current can
flow only when there is a change in surface coverage and in the steady state the
current is zero. The equilibrium and peak potential for the HUPD reaction are
described by (5.4) and (5.5).

Assuming that the bulk and surface concentrations are the same (i.e., the
hydrogen surface concentration is not affected by the passing current) the following
equation is obtained:

v =T (k) (1) (€)1 = e EE)
() R (i) e E) (7.5)
— e (E-E)(1 — gy) — Ke1-PI(E-E) g, '
= ;1(1 —6y) — Z149}1,
where k° =T’y (k7) = (k°, )ﬁ( H+)17ﬂ is the concentration-dependent rate con-

stant, and the potential-dependent rate constants are k| = k’exp [—ﬂf (E — Ep)] and

ki = k’xp[(1 — B)f (E — E,)]. For simplicity let us introduce the overpotential
n = E — E,, see Eq. (5.5). The further development is identical to that described in
Sect. 5.1 [61, 211]. The faradaic impedance is described in Eq. (5.19) and the
dependence of the parameters R, and C,, on the potential is shown in Fig. 5.1.
At the current peak potential the charge transfer resistance is at a minimum and the
pseudocapacitance at a maximum. It is interesting to note that for the Langmuir
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Fig. 7.1 Comparison of parameters R and C,, for HUPD reaction, continuous line Langmuir
isotherm, g = 1, dash-dotted and dashed lines: Frumkin isotherm with ¢ =5 and 10,
K =10"°mol cm 25!

adsorption isotherm the maximum value of the pseudocapacitance, Cp, depends
only on the total hydrogen adsorption charge, 6; = 210 pC cm ™2 [239], and equals
2.04 mF cm ™.

In the case of the Frumkin adsorption isotherm, which includes lateral interac-
tions between adsorbed hydrogen atoms, the reaction rate is described by [240]

v = Koexp(—pfn)exp[—2g (0 — 0.5)](1 — On)
— k%exp|(1 = p)fnlexp(1 — 2)g(0u — 0.5)]0u (7.6)

— Krexpl—Ag(Ou — 0.5)](1 — 0w) — k1exp[(1 — 2)g(0x — 0.5)]0m,

where g is the interaction parameter, positive for repulsions and negative for
interactions [17], and 4 is the adsorption symmetry factor between O and 1, typically
~0.5 [240]. In the steady state, the current is equal to zero and the following relation
is obtained:

On

8(0u—0.5) _ o—fn 77
1 —On © (7.7)

which is the definition of the Frumkin isotherm. Continuing the development, the
same expression for the impedance is obtained, Eq. (5.19), but with different values
of the derivatives 0v,/0n and 0v,/06y. The influence of the parameter g on the
parameters R, and Cj, is illustrated in Fig. 7.1.

It is evident that an increase in the repulsion between H atoms causes a flattening
of both curves and a decrease in the maximum of the pseudocapacitance. It can be
added that the Frumkin isotherm was found to describe HUPD at Pt(100) in HCIO,,
Pt(110) in H,SO,, and Pt(111) in both acids [241]. The value of the parameter g at
Pt(111) was approximately 12. Unfortunately, the isotherms at other surfaces or
metals are much more complicated. The HUPD kinetics was studied on different
polycrystalline metals. It was found that the kinetics at Pt [242] was about three
orders of magnitude faster than that at Ru [243], Pd [244, 245], or Rh [246]
electrodes, while that at Ir was intermediate between those groups [247] (on the
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Fig. 7.2 Complex plane 0.8
plots for HUPD reaction at 794.3 Hz
polycrystalline Pt electrode
in 0.1 M H,SOy; potentials
versus reversible hydrogen
electrode indicated in graph.
Points — experimental, lines
— fit (From Ref. [242],
copyright (2012), with
permission from Elsevier)
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Fig. 7.3 Dependence of 100 5
charge transfer resistance 3
(per real surface area) on
potential for HUPD reaction
at polycrystalline Pt in

0.1 M H,SO,4 (From Ref.
[242], copyright (2012),
with permission from
Elsevier)
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logarithmic scale). An example of the complex plane plots obtained at polycrystalline
Pt in H,SO, is presented in Fig. 7.2. To approximate the experimental curves, it was
necessary to replace Cq and C,, by the constant phase elements, CPE, see Chap. 8.
The dependence of the charge transfer resistance on the potential is shown in Fig. 7.3.
It is evident that R, decreases with a decrease in the electrode potential in the
entire range. At the lowest potentials there is an influence of the overpotentially
deposited hydrogen (HOPD), which is related to the classical hydrogen evolution,
and dissolved hydrogen formation at the solution around the electrode. The kinetics
is very fast and was measured without a potentiostat [242]. Because the adsorption
isotherm is rather complex [248] no rate constants were determined. It should be
added that in earlier studies, at monocrystalline Pt, it was found that R . was
potential independent [249], which may be connected with equipment artifacts.
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7.2 Hydrogen Evolution Reaction

The hydrogen evolution reaction (HER) is one of the most important and most
studied electrocatalytic processes [61, 211, 239, 250, 251]. It is well accepted that
the first step is the Volmer reaction, (7.8), followed by Heyrovsky, (7.9), or Tafel,
(7.10), steps. Because the process is usually carried out in alkaline solutions these
steps are written as follows:

—

ki
H,0 + M + ¢ == MH,4+OH ", (7.8)
k1
k
MH + H,0 + e == M + OH +H,, (7.9)
ko
k
2MH — 2M + H,. (7.10)
k-3

It might be noticed that the Volmer and Heyrovsky reactions are electrochemical
while the Tafel reaction is chemical, without an exchange of electrons. Assuming a
Langmuir adsorption isotherm for H, the rates, v;, are written as

vi = KT samo(1 — O)e P EE) 10 T oy Oye AV (E-ED) (7,11
v = KT scap,ofe 7 (F72) (7.12)
- k(izrooaHzaOH‘ (l — 9H)€<17ﬂ2>f(E7Eg),

vs = (KT2) 65 — (K25T2) (1 — 6n)a,. (7.13)

For simplicity the surface concentrations of OH ™, H,O, and H, are written as
dimensionless a; = C;(0)/C”, where the superscripted asterisk denotes bulk or
equilibrium values. In general, the standard potentials of the Volmer and
Heyrovsky steps are different. Proceeding in a way similar to that described in
Sect. 5.2.1 the following equations are obtained:

P
1-p B agy- 05
vi= () TR0 )T | SO T Ry 6(1— O )exp(—pyfn)
apol — 05
2
1-p
1-p B ap,ol — 05
LD [ RO ZF) o Buexpl(1 - 1),
aoy- Oy

(7.14)
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* *
a0 Ou

b
—b, X a*za* -1-—6¢
V2= {(k‘%)<1 P (k0,)" T (HOH”) }aHZoGHexp(—ﬁm)

* * _p*
ap,aby- 1 0,

1-p,
_{(k(z))(lﬂ2>(k02)ﬁzroo( 9”) }aHZaOH-u—emexp[(l—ﬂz)fn].
(7.15)

Assuming that the surface and bulk concentrations are the same one obtains

V) = kl(l — GH)Ciﬂ"f” — k,IHHe(lf'/j‘)f” = Zl(l — 91-[) — (/;,191-[, (716)
vy = kaBe P — k_y(1— O)e PV = Kby — k H(1—6y),  (7.17)
V3 = k303 — k_3(1 — Oy)*, (7.18)
where
P
(1=81) 1,0 \Ai agH' 6;1
kl = ko k_ Foo 1 >
N
15, (7.19)
_ apo 1 — 05
ki = (k(l))(l ﬂl)(k(ll)ﬁlroo H,0 n ’
as .- 6
OH H
P
(1=82) 1,0 \P2 a;zagﬂ_ 1 - 9;[
ky = (k9 KO,) T | =22 — ,
( 2) ( 2) aHzO HH
2
14, (7.20)
B a* 9*
- kO (1-4,) kO /f21—~OO H,O H ,
2 ( 2) ( 72) a;lzaz)H' —6};
K=k,
(7.21)

ko3 = k%I ajpy .
Equations (7.16), (7.17), and (7.18) can also be presented in another form:

- 1— 91-[ aHZO 9]—[ [7%6):
o=t [(] = (aﬁzo>exp(/31fn) - (50) (B exet m)m]],

(7.22)
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0, ay,
?? 22 L exp(—pafn)
0 H H,O
Vo =V, , (7.23)

1-— 9}[ CZHZ AdoH~
0 * *
1 -6y ag, asy-

0u\>  [(1—0u\’[a
_ o[y H H,
”‘“Ke;;) (=4) ()] .

exp[(1 — B,)fn]

where
1-p
(IJ (ko)(l -A1) (ko )/1’1 (aBH_)ﬂl (al*_bo) ‘(el*{)ﬂ] ( _o )1 ﬂ] (7.25)

2 2 * * ﬂ * 17ﬁ B P2 * 2
= ()" (K) T (aiainr ) (aio) (@) (1= 03)", (7.26)

ksk_sToca
L (7.27)

T (VB sy,

It is important to remember that all rate constants, Egs. (7.19), (7.20), and (7.21),
and the standard rates, Egs. (7.25), (7.26), and (7.27), are concentration dependent,
and the experimenter should ensure that they stay constant at various current
densities. It is also possible to redefine all the equations introducing the real surface
concentrations, which should be known from the experiments. Then the current
flowing in the system is described by

i=—F(vi+vy) =—Fr. (7.28)
At the equilibrium potential, the rates of all reactions are zero,
Vi =vy =13 =0, (7.29)
and the following relation between the rate constants is obtained [217]:

kik Kk K2k
- Sy (7.30)
k_1k_» kZ k3 k2 k3

As a consequence, two equivalent solutions exist (see also Sect. 5.2.3) giving the
same values of the physically measured currents and impedances [213-217] in
which the appropriate rate constants can be exchanged:
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kl — kz k_1 Aad k_z k3 — k_3. (731)

The only difference is that the values of 8y are replaced by 1-8y, that is, the
surface coverage decreases or increases with the negative overpotential. This makes
the rate constants indistinguishable, and other experiments must be used to decide
which solution is correct.

At the steady state, the surface coverage by adsorbed hydrogen may be obtained
from the condition that the rates of hydrogen adsorption and desorption are equal:

dFH 61 dHH
- L. - vy = 32
dt dr =rr=w Vo) — 4V3 O, (7 3 )

which leads to a second-order equation [217, 252, 253]. In the case where the Tafel
reaction is neglected, a simpler equation is obtained:

— —
ki+k_
— — — — >

ki +k_1+ka+ ks

On = (7.33)

which, at negative overpotentials, reaches a constant value lower than unity
(in contrast to the HUPD reaction):

ki

_ 7.34
ki + ko (7:34)

Ou =

Having described the HER in dc conditions the impedance of this process is
described by the linearization of the changes in the surface coverage and the

current:
81’0 8
<5_n>9HA + <ae > AeH], (7.35)

. oi al _

01 dAHH o o 871 arl
F dr = AI] = (a_rI)eHA + (56H>']A6H (736)

Following the procedure described in Sect. 5.2 the faradaic impedance described
by Eq. (5.54) is obtained. The kinetics of the HER has been studied often using EIS,
but the rate constants were rarely determined, e.g., at Ni [213, 254], Pt [255-258],
alloys [259-262], or composite [263-269] electrodes. The best method for deter-
mining the rate constant is the simultaneous approximation of the impedance
parameters and the dc current [213, 254, 263].
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7.3 Influence of Hydrogen Mass Transfer on HER

During the HER, hydrogen is produced at the electrode surface, Egs. (7.9), and
(7.10), and diffuses toward the bulk of the solution. At the electrode surface at the
rotating disk electrode (RDE), oversaturation may appear without bubble formation
[180, 270, 271]. In such cases, reactions (7.12) and (7.13) should be rearranged to

V) = k26H — kfz(l — QH)CIHZ, (737)
v3 = k303 — k_3(1 — Oy) an,, (7.38)

where the definitions of k., k_,, and k_; must be modified to exclude the dimension-
less surface concentration of hydrogen, ay,. Besides Eqs. (7.28), (7.29), (7.30),
(7.31), and (7.32) another equation involving dissolved hydrogen flux, Jy,, must be
added:

daH,
Ju, = —Dy,C° .

=V +Vv3=r3. (7.39)

For the RDE one can write a simplified equation, Jy, = Dy, o (aH2 — aﬁz) /6,

where 0 = 1.612Di1/2 y1/6Q1/2 and C° is the surface concentration of hydrogen
(see also Sect. 4.9). Writing the equation for the flux phasor in finite-length
transmissive mass transfer, Eq. (4.68), leads to

Tw, = an, lc"\/ijHzcoth< l’;" 5)] = J dn,. (7.40)

Hy

The linearized equations describing the system are

T ai‘() ~ 6r0 ~

1= —F[(a—n)ﬂ + <a—9H>9H:|, (741)
. O]~ B arl ~ 81‘1 ~ 51‘1 ~
]LUFGH = (ar])i’] + <BQH> 9H + (aaHz>aH2, (742)

Ty, = <§—ZI>§H + (aa;: )aﬁz. (7.43)
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Fig. 7.4 Electrical G,

equivalent circuit of I I

faradaic impedance |
corresponding to HER with

hydrogen diffusion, R, Rp

Eq. (7.48) AN N /W\

Ry
AN = 7

They may be written in matrix form:

-_% 1 al’o 0 7
8;7 F 89].1 ﬁ
51‘1 (o] ar1 5
_lo 2o jpZ On
7% = 00y Jjo 7 dan, ; (7.44)
n 81”2 ai‘z / 5H
O e Y ||F
- 0 - . H aHz - . 7] -
The faradaic admittance is
N B
17 .
o+ C—+ -
/ E—J

where parameters A, B, and C are as defined in Eq. (5.52) and

_F [ 0n or, L

The faradaic admittance may be rearranged into impedance:

1

Zi=Ry+ 1 — (7.47)
joCp + —+ ————
"R, Ri+Zw
where
BE A B j
Ri=———, Zw=-—>—C"/jowDy,coth 5. 7.48
d A2D w AZD J. H» < DH2 ) ( )

The electrical equivalent circuit corresponding to Eq. (7.48) is presented in
Fig. 7.4.
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Fig. 7.5 Complex plane
plots for Pt(511) at 5 (a)
—7.3 mV; (b) —14 mV; (¢)
—30 mV; (d) —40 mV, in
0.5 M H,SO, at RDE
3,500 rpm (From Ref. [180],
copyright (1998), with
permission from Elsevier) e
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Comparing this circuit with that for a simple hydrogen evolution without mass
transfer effects, Fig. 5.1 left, it is evident that a new branch in parallel consisting of
the resistance Ry in series with the finite-length mass transfer impedance, Z,,, was
added to the circuit. Studies of the HER at various monocrystalline Pt surfaces
displayed one or two semicircles followed by a finite-length diffusion impedance
on the complex plane plots [180]. Examples of the impedance plots obtained at the
rotating disk at the Pt(511) electrode are displayed in Fig. 7.5. The equations
developed earlier might also be used to describe a hydrogen oxidation reaction.
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7.4 Hydrogen Absorption into Metals

Besides hydrogen adsorption and evolution, hydrogen absorption into metals might
occur. It is observed in Pd and certain alloys of the type ABs (e.g., LaNis) or AB,
and is used in metal hydride batteries. The theory developed here is also applicable
to other reactions, e.g., Li intercalation in Li-ion batteries. Let us consider first the
simplest adsorption—absorption reaction [272].

7.4.1 Hydrogen Adsorption-Absorption Reaction
in Presence of Hydrogen Evolution

In this case, the hydrogen adsorption reaction, (7.49), is followed by hydrogen
evolution, (7.50) and (7.51), in parallel with hydrogen absorption, (7.52), during
which a hydrogen atom at the surface goes to a subsurface site at a distance x = 0
[273-275]:

—

k
H+ +e+ Msurface é MHads’ (749)
k1
k
MH,gs+H" + ¢ == M + Hy+Murface (7.50)
k-2
k3
2NIHads (k— 2Msurface + HZ, (751)
ks
MHads +Msubsurface ﬁk— MHabs,O‘i’Msurface’ (752)
—4

where Mgyrface aNd Mgypsurface are the empty surface and subsurface sites. The
absorbed hydrogen diffuses into the bulk [276]:

MHabs,O?MHabs,x- (753)
The rate of reaction (7.49) is described by Eq. (7.5) and that of reaction (7.52) by
V4 = k40]_[(1 - Xo) — k_4(1 — GH)X(), (754)

where X is the dimensionless bulk hydrogen concentration, the surface concentra-
tion is Xg = Ch,0/CHmax, and Cy max 1S the saturation concentration under given
experimental conditions. A thus defined X takes values between 0 and 1. Under
steady-state conditions, when v4 = 0, Eq. (7.54) becomes
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k4Ou K40

Xn = = ,
0 k4Ou + k74(1 - 0].[) K40y + (1 — HH)

(7.55)

which defines the absorption isotherm and K, = k4/k_4 is the absorption equilib-
rium constant. The diffusion of hydrogen into metal is described by Fick’s
equation:

0X ¢
— =Dy——, 7.56
or  Mox (7.56)
and the surface hydrogen flux equals the absorption rate:
oxX aX
Ju=-Dyg— (= = vy, 7.57
" " F < ax) x=0 " ( )

where o6x = FCy max 18 the charge corresponding to the saturation of metal with
hydrogen.

Diffusion Eq. (7.56) must be solved for the oscillating dimensionless concen-
tration of hydrogen: AX =)~(exp(ja)t) , and an equation analogous to (4.22) is
obtained:

d2x

(7.58)

and, assuming finite-length linear diffusion with the impermeable conditions at
x =1,

oxdX ~
x=0 _DHFXEZJH’
~ (7.59)
x=1 % =0
i .
The solution of Eq. (7.58) is
X = Ae™™ + Be*™, (7.60)

where s = y/jw/Dy. Taking into account the boundary conditions, the solution for
X is

F Ju  cosh[s(l — x)]
ox v/joDy  sinh[sl|

X:

(7.61)
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and at the electrode surface

-~ F Ju jw
Xo=— th — ). 7.62
07 ox VioDg * <\/ Dn ) (7.62)

From Eq. (7.62) the hydrogen flux is

~ OoxX ~ - ja) r o~ 5\)4 ~ aV4 >
=—Xo\/joD h A=) =JyXo= |5 — )X .
Ju 7 0V JwDy tan ( DHl> JH 0 <693)0B + (aX0> 0» (7 63)

where

Iy = %X jwDy tanh(, /’D“}’Il). (7.64)

The current is given by

A
—FI = AI‘O = AVI + AVz (765)
and its phasor by
~ 7 aro ~ ai‘o ~
r0=——==|(—=— = | fu. 7.66
g () (G 769

A similar linearization must be applied to the surface coverage by adsorbed
hydrogen:

61d§].]_6]. 9 o~ ~ 2~ ~ o~ ~

Far  ptHT I TV2TAva Ve =TTV
i s 5 s (7.67)
r ~ rr \ ~ rq \ -~ r4 ~

= [=L]0 S - 2 oy - | 222 | Xo.
3o |7\ oy |1 (B0 )7 o, |0

This equation is simplified because 0r;/0X, = 0v4/0n = 0. Equations (7.63),
(7.66), and (7.67) can be written in matrix form:

1 o 0 i

_% F 00y n

L I LA R R I
_? = 00 0oy 'UF X | |7 | (7.68)

0 T 0 % %_J’ &

69H 8X0 H ’“1'
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The solution obtained using Cramer’s rule is if /7 = T\ /B :

169

al’o a}”o 0
(O On v o 0w
Tv=\"%3; d6n d0s '“F "X (7.69)
8v4 8\14 /
0 8791_1 T%—JH
and
l 58r0 0
F 00y
o O Onm o1 0w
B= 30n oon “F X, | (7.70)
8\/4 6\/4 /
0 a—eH a—XvO—jH
from which the faradaic admittance is
F2<ar0>(all
.0 ory o1 \ 00y /) \ on
Yi= 7 F(@n) F(@m , (7.71)
F 51‘1 (7_1 TH
o= (G) + o)
| = AXo
Ju

which may written in a form similar to Eq. (5.51) for an electrocatalytic reaction
with one adsorbed species and to that for the HER:

B

Yf:A+. D , (7.72)
jo+C+ E

14 ‘
v/JjwDytanh ( ﬁl)

where the parameters A, B, and C are as defined earlier, Eq. (5.52), and D and E are

defined as
F [0 F [0
D=1 (—V“) andE = — — (—”) : (7.73)
01 59H Xo [0)'¢ aX() O
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Fig. 7.6 Complex plane plot corresponding to hydrogen evolution and adsorption in finite-length
reflective conditions; Ry = 1 Q, Cq = 20 pr, C;, = 0.01 F, Ry = 5 Q, Ry, = 10 Q, Ry, = 3 Q,
Rp = 10 Q, Tp = 1,000 s, see Eq. (4.77) for definition of latter two parameters

The difference between Eqgs. (5.51) and (7.72) is the presence of the additional
term in the denominator. The faradaic impedance is

2_1
f ?f
§ A + MC+A + !
()]
19\ B B -
coth lJ)—l
B N BE H
A%D A?D VjoDy
1
- RCt + ] 1 1 0
JoCp + —+—F5—
Ry Rp+Zw

(7.74)

where R, R,,, and C,, are as defined in Eq. (5.55) and the new parameters are

e __ B _ 11, BE_1E
©= " AD C,D’ AD  C,D’
7.75
z o w7 .
= co —
" oDy Dy

This equation corresponds to a circuit similar to that in Fig. 7.4 (where R,
replaces R4). The complex plane plot corresponding to the total circuit including the
solution resistance and the double-layer capacitance is shown in Fig. 7.6. Three
semicircles are observed corresponding to the coupling Ry — Cqi, Ry — Cp, and
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R, — C, and a part of the mass transfer impedance. In this case, the low-frequency
impedance is real because a constant current flows through Ry — Ry — Ry,

A case of finite diffusion length with transmissive boundary conditions has also
been considered in the literature [277, 278]. It corresponds to the case where
hydrogen diffuses across a membrane and is oxidized on the other side. The same
Eq. (7.74) is obtained but with tanh replacing coth in Eq. (7.75).

7.4.2 Direct Hydrogen Absorption and Hydrogen Evolution

Most authors assumed the foregoing indirect adsorption—absorption mechanism;
however, others proposed a direct absorption mechanism [279-281]:

ks
Msubsurface+H+ +e ? MHaps, 0, (776)
ks
with the rate
Vs = k5(1 —Xo) - k_5X0, (777)

from which the subsurface hydrogen concentration is

=

k()
e, (7.78)
k 5

5
Ks

_ ok
XOZ andK5:§:
I k
-5

+

This reaction leads to an impedance, Z 4,5, consisting of the charge transfer
resistance and mass transfer impedance:

Zabs = Rct,abs + ZW, (779)
where
1 0
—A=-F|L5) .
Rct,abs 577
Xo
. o jo
Zw=— coth| , [=— 1], (7.80)
v VJjwDy H
’ E E F 8v6
o = -, = —_-— _ .
A oxX X()
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Fig. 7.7 Electrical

equivalent circuit for

faradaic impedance of

direct hydrogen absorption Rt

in presence of hydrogen A A A
adsorption—evolution R,
Rctabs

— A\ L

N

and the mass transfer impedance was written for the finite-length reflecting condi-
tions. Of course, besides the hydrogen direct absorption, hydrogen adsorption and
evolution might take place. The total electrical equivalent circuit for the faradaic
impedance is displayed in Fig. 7.7, where the upper branch corresponds to hydrogen
adsorption and evolution and the lower branch corresponds to direct hydrogen
absorption.

Besides hydrogen evolution and absorption, there might also be a HUPD reac-
tion adding another Rypp-Cypp branch in parallel [272, 282]. From a structural
point of view circuits for indirect and direct hydrogen absorption are indistinguish-
able. Studies of hydrogen absorption in palladium suggest that direct hydrogen
absorption is faster than the indirect path [283, 284].

7.4.3 Hydrogen Absorption in Absence of Hydrogen
Evolution

Very often hydrogen absorption is studied at potentials before hydrogen evolution,
especially in the HUPD zone [282-285]. In such cases, the circuit becomes sim-
plified because R, = o and parameter B = —AC. The faradaic impedance in the
case of indirect adsorption—absorption mechanism becomes

Zi =Ry + —, (7.81)
]pr +Rab+ZW
where
A K 1
Cp === f 1 — s ) iRab = ——;
C (Ki+1) CpD
_ (7.82)
. E 1 (KiKsy+1)
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Rab Rab
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Fig. 7.8 Electrical equivalent circuits of faradaic impedance corresponding to (a) indirect,
Eq. (7.81), and (b) direct, Eq. (7.83), hydrogen absorption reaction with finite-length linear
diffusion of hydrogen

Fig. 7.9 Complex plane -20
plot corresponding to

indirect hydrogen

absorption reaction, 15 4
Eq. (7.81), in presence of
finite-length reflective
linear diffusion.
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and for the direct absorption mechanism
Zp= ! 7.83
=7 1 (7.83)

+ =
Rct‘h-a%cp Ry +Zw

The electrical equivalent circuits of the faradaic impedance corresponding to the
indirect, Eq. (7.81). and direct, Eq. (7.83), hydrogen absorption reaction with finite-
length linear diffusion are displayed in Fig. 7.8.

The total impedance complex plane plot for indirect hydrogen absorption with-
out hydrogen evolution, including solution resistance and double-layer capacitance,
is displayed in Fig. 7.9. It shows two semicircles due to the R, — Cq and R, — C,
coupling followed by the finite-length reflective linear diffusion displaying a line at
45° followed by a capacitive line at 90°.

In practice, the hydrogen absorption resistance is usually very small, and one
semicircle is observed on the complex plane plots. Examples of the complex plane
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Fig. 7.10 Complex plane 60
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plots obtained for hydrogen absorption at Pd membrane in the transmissive and
reflective conditions [155] are displayed in Fig. 7.10. The high-frequency part
corresponding to the coupling R, — Cgq is identical, and parts of the transmissive
and reflective mass transfer impedances are visible (compare with Fig. 4.12).

For thin absorbing layers the mass transfer impedance in reflective
conditions reduces to an Ry, — Cyw connection in series, Eq. (4.85). The observed
impedance for the hydrogen absorption reaction in 10 monolayers (ML) of Pd on
Au(111) [155] is shown in Fig. 7.11, where a high-frequency semicircle is followed
directly by a low-frequency vertical capacitive line (corresponding to the penetra-
tion of the ac signal to the bottom of the layer).

7.4.4 Hydrogen Absorption in Spherical Particles

Very often H absorption is studied in practical powdered materials (e.g., in NiMH
batteries) that consist of spherical particles for which a finite-length spherical
diffusion treatment must be used [287-289]. In this case the diffusion Eq. (7.56)
must be written for the spherical diffusion, as in Eq. (4.91):
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)¢ °X 20X
ot H102 + r or ( )
Proceeding as in Sect. 4.6.2, the mass transfer impedance is described as
~ 6/1‘0 1
Zw=— (7.85)

Dy K\/%ro)coth(\/%ro) - 1} ,

and the impedance is as in Fig. 4.15. At low frequencies a capacitive behavior,
Eq. (4.107), is observed as the hydrogen can diffuse only to the sphere center. This
equation was used in modeling the hydrogen absorbing materials [287, 288, 290].
The influence of self-stress on hydrogen absorption has also been studied [291-294].

The preceding theory may be extended to other intercalation reactions, e.g., in
lithium batteries. It has also been extended to bilayers [295, 296].

7.5 Conclusions

Hydrogen adsorption, evolution, and absorption reactions were presented as exam-
ples of electrocatalytic reactions, i.e., involving adsorption at the electrode surface.
The general rules of development of impedance equations involving first the dc
description followed by linearization of the equations were used. The electrode
processes involved adsorption and mass transfer either in solution or inside the
electrode material. In a similar way, other electrocatalytic reaction mechanisms
such as, for example, oxygen reduction or evolution, chlorine evolution, and
lithium intercalation, might be discussed. The transfer mechanisms of hydrogen
through membranes might also be studied using transfer functions other than
impedance and admittance; see, e.g., Ref. [61].
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