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Abstract

This work concerns the interaction between hydrogen and iron in the cathodic potential region. It was motivated by the need for a better
understanding of the hydrogen insertion mechanism in metals. Electrochemical deposits of iron with various thicknesses were carried out on a
gold substrate and they were characterized by impedance measurements under hydrogen evolution conditions.

The processes occurring at the surface and within the iron films deposited on a gold electrode were studied using various electrochemical
techniques. The impedance and voltammetric behaviours were strongly dependent on the film thickness. The main result of this study is that the
charge transfer resistance increases with the film thickness. A model of the adsorption—absorption of hydrogen into iron films was proposed. It
considered two types of absorbed hydrogen in a sublayer richer in hydrogen than the bulk metal. There, the hydrogen transported in the film
coexists with another one coming from a direct absorption mechanism and “trapped” in some sites. The two absorbed hydrogen are reversibly
exchanged. The interaction of hydrogen with palladium and iron was compared. It was concluded that for iron, the insertion of hydrogen results
from a competition between a one-step direct hydrogen absorption mechanism and the classical two-step indirect penetration in the metal via the
adsorbed hydrogen. At the end, a possible explanation of the deep penetration of the direct hydrogen absorption in the metal, detected by the

impedance analysis, is proposed. It is based on the imperfections of numerous first layers of the deposited metals on polycrystalline gold.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Numerous studies about hydrogen interaction with metals
have been carried out because of their potential interest in various
industrial domains. Hydrogen absorbing materials are important
in hydrogen storage, metal-hydride batteries, and fuel cells. On
the other hand, problems of degradation of steel may occur when
hydrogen is in contact with some materials. This phenomenon,
called hydrogen embrittlement, is frequently encountered in
industrial environment. Hydrogen can penetrate in a metal by
a physical process under high pressure or more often under
an electrochemical driving force. Corrosion, cathodic protec-
tion of steel in sea water produces hydrogen. This production of
hydrogen is also involved during steel production under hydro-
genated environment, in storage and use of this gas or storage
and transport of products which can, by decomposition, pro-
duce hydrogen (natural gas, oil, corrosive products, etc.). This
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hydrogen enters and diffuses into steel structure and this inser-
tion creates constraints, which induce defects or cracks in the
material.

The adsorption—desorption coupling has been studied thor-
oughly for the hydrogen/palladium system, which is known to
store hydrogen in two possible phases depending on the cathodic
potential: the a-PdH phase (0.02 hydrogen atom per Pd atom)
and the B-phase (up to 0.6 hydrogen atom per Pd atom). Pyun and
yang [1], have considered the interstitial sites in the 3-phase and
phase boundaries between the « and 3 phases as reversible and
irreversible trap sites, respectively, which follow a McNabb and
Foster model [2]. They have also proposed that a thin 3-PdH
phase layer, sometimes in patches, between the electrode sur-
face and subsurface give rise to the predominant direct hydrogen
absorption reaction and acts as a barrier for hydrogen diffusion
[3]. On similar basis, Gabrielli et al. have proposed a model, in
terms of impedances measured on thin Pd films deposited on
gold, where, in parallel with the classical Volmer-Heyrovsky
absorption two-step mechanism [4], trapped hydrogen atoms,
located in a thin subsurface layer, may exchange charge directly
with protons of the solution [5,6]. More recently, Lasia et al.
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Fig. 1. Scheme of the reaction mechanism used for the general interaction of
hydrogen with a metal.

have shown, for very thin films (0.8—10 monolayers) of pal-
ladium, that two parallel mechanisms participate to hydrogen
entry in the metal: a fast direct hydrogen absorption and a slower
indirect hydrogen absorption via an adsorption step [7-9].

As a first step, in order to understand hydrogen insertion
mechanism, the interaction between hydrogen and iron was stud-
ied as this material is easier to manipulate than steel, in particular
to deposit thin layers on a gold substrate, which blocks hydro-
gen penetration. Iron deposits with various thicknesses were
electrochemically deposited and characterized by impedance
measurements. The experimental approach was inspired by the
results of electrochemical measurements recently obtained for
the hydrogen/palladium system [4,5]. They have shown the
importance of surface processes on the insertion kinetics of
hydrogen in palladium. An investigation with respect to the
material thickness has been necessary to separate the surface
processes from the volume processes.

In spite of the numerous studies carried out on the
iron/hydrogen system [10-14], many problems remain open.
In addition, few investigations have been carried out by using
impedance measurements, which is a very powerful tool to
separate the various processes involved in complex reaction
mechanisms.

In this paper, a model of the mechanism of hydrogen pene-
tration in iron under cathodic polarization was proposed. Then,
results obtained by voltammetry and impedance measurements
concerning the interaction of hydrogen with thin films of iron
deposited on a gold substrate were reported and compared with
the model predictions.

2. Theory
2.1. Electrochemical mechanism

Usually, hydrogen atoms are considered to enter the metal
either by a two-step (indirect) or a direct absorption mechanism.
Equations below are written assuming that the two processes
occur in parallel, which is schematized in Fig. 1.

The first step of the indirect absoprtion is hydrogen adsorption
(Volmer reaction), with rate v

ki
H++M+e_]::>MHads+H20 (1)
-1

where M is the adsorption site on the metal surface and MH,qs
is the hydrogen atom adsorbed on the electrode surface.

Adsorbed hydrogen can form gaseous hydrogen by the two
following processes:

(i) electrochemical desorption (Heyrovsky reaction), with rate
V!

ko
MH,q4s + H" + e~ =M + Hy ()
ko
(i1) chemical recombination (Tafel reaction), with rate v3:

k3
2MH,4s =2M + H, 3)
k-3

The adsorption reaction is followed by hydrogen absorption
into a subsurface layer, with rate vy:

ky
MH.gs + Miubsurface = Msurface + MHaps(subsurface) 4)

k4

and further diffusion into the bulk of metal:

diffusion

MH,ps(subsurface) —> MH,ps(bulk) 5)

as Hyps diffuses from one site M to another M.
The model proposed in this paper contains two additional
assumptions are considered:

e A direct absorption mechanism (7)—(9) [15] where the
absorbed hydrogen in a subsurface layer is directly exchanged
with protons in the solution bulk, with rate vs:

ks

H' +e2Hj, (6)
-5

e A possible exchange between the two types of absorbed

hydrogen coming from the direct and indirect absorption:

ki
Habs k<:>H:bs (7)

T

Then, this subsurface layer is richer in hydrogen, Hy,s and
H}, ., than the bulk phase where only Hyps is present.

2.2. Mathematical description of the model

The rates (mol cm~2 s~ 1) of the above reactions can be writ-
ten as

vi =ki(1 —0)—k_10 8)
where ( is the surface coverage of the electrode surface by Hygs:

vy =k —k_o(1—6) )
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vy = k30 — 2k_3(1 — 0) (10)
va = kaO[1 — X(0)] — k_a(1 — 0)X(0) (11)

where X(x) = c¢(x)/cmax 1S the dimensionless concentration of free
Haps in the metal with respect to the distance x to the electrode
surface, and cpax 1s the maximum hydrogen concentration in
the bulk of the metal. The concentrations of hydrogen ions and
molecular hydrogen are included in the rate constants k; and
k_3, respectively.

The rate vs is obtained from the flux, Ji(x), of the “trapped”

hydrogen atoms, Hjbs, which cross the electrode surface:

vs = —Ji(0) (12)

Then, if the various quantities are supposed to be only x-
dependent:

d
bs = — / 1) 4 (13)
0 ox

However, as

0Xi(x)  9Ji(x)
a o
where Xi(x) =c¢(x)/cmax 1s the dimensionless concentration of

H:bs “trapped” in the volume, V, of the metal film. X;(x) is
supposed to depend on x only, hence:

d dX(x)
b5 = Conax / dx (15)
0 dr

(14)

Cmax

The diffusion process in the iron film is supposed to be very
fast compared to the rates of the surface and subsurface pro-
cesses [16]. In the subsurface layer, a trapping/releasing process
is supposed to occur such as

ky
Habs + () k:’ (Hps) (16)

T

where () represents an empty site and <H;‘bs> an occupied site by

HY,  [17]; therefore, the kinetic equation which gives the change
of the concentration of the Hj; _ is similar to the McKabb and
Foster model [2]:

X (x)
= (%) + ve(x) an
ot
where
ve(x) = ke X () [N (x) — Xo(x0)] — kr X (%) (18)

is the rate of hydrogen trapping and N(x) is the relative density
of sites in the metal (i.e. the number per unit volume divided by
Cmax)- And

Ve(x) = ks[N(x) — X(x)] — k_5X(x) (19)

is the rate of exchange with the solution, whereas

d
b5 = Conax / ve(r)dx (20)
0

is the exchange rate of the trapped hydrogen with the solution.
Hence:

d
Vs = Cmax/o {ks[N(x) — X((x)] — k_5X((x)}dx @

In the previous equations, k; = k? exp(b;E) are in
molem=2s~ !, fori=1, —1,2, =2, and ks, k_s, k and k; are in
s—L b; == B;F/RT, B; is the symmetry coefficient of the reaction
i, sign ‘=%’ is opposite sign of i, X(0) is the hydrogen con-
centration just under the surface, 1 — X(0) is the dimensionless
subsurface concentration of the free sites in the subsurface layer
[18,19].

The faradaic cathodic current density is then equal to

Jp=—Fi +v2+vs) (22)

In the same way the coverage changes of H,qs are described
by
deo
Tmax— =v1 —v2 —2v3 — 1y (23)
dr
where I'yax 1S the density of adsorption sites on the metal surface
(mol cm™2).
The boundary conditions imposed to the metal film are the
following:

e x=0, the flux of the entering hydrogen in the film is equal to

J(0) = vq + v5 (24)

e x=d, the absorbed hydrogen atoms cannot cross the
metal/gold interface, therefore:

J(d) =0 (25)

In the following, it is assumed that the sites are localized in
the subsurface layer and have the relative density N(x) which
decreases exponentially with the distance from the electrode
surface

N(x) = Noexp (—;O) (26)

where Ny = ¢ max/Cmax 18 the dimensionless subsurface concen-
tration of the sites, relative to cmax, Ctmax 1S the concentration of
the occupied sites, and xg represents a characteristic distance of
the sites, i.e. a distance where N(xg) = Ng/e. This model is ana-
lyzed below, first in a steady state and later for impedance of an
ion-blocking electrode constituted of an iron film of thickness d
deposited on a gold substrate.

2.3. Steady state

The steady-state values of the surface coverage, 6, by
adsorbed hydrogen, Hyqgg, and the dimensionless concentration
of H species under the electrode surface, X(0), are calculated
following the simplifying assumption, that the Tafel desorption
reaction is negligible (k3(E) =k_3(E)=0) [2]:

At steady state, d/dr=0, then the hydrogen, Hys, concen-
tration is constant throughout the metal film as diffusion is
supposed to be fast
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From v — v = v4:

ki +k_p + k_4X(0)

0= 27)
ki +k_1 4+ ky +k_o +ks(1 — X(0)) + k_4 X(0)
and from v| — vy = —vs:
k_4X(0) —
_ 4X(0) —vs 28)
ka(1 — X(0)) + k—4X(0)
where from Eq. (21):
Vs = cmaxd{ks(1 —n) — k_57’l}N* (29)
where
% 1 d X0 d
N* = — N(x)dx = No— |1 —exp | —— 30)
d 0 d X0

is the dimensionless total number of traps in the metal per volume
unit (cm—3) and n =X, (x)/N(x) is the fraction of occupied sites
by hydrogen equal to

L keX(0) + ks
ke + ke X(0) + ks + k_s

as from Eq. (17), v¢ + ve = 0 at steady state.

In the case considered here, where the density of sites
decreases with depth, the “trapped” hydrogen atoms in these
sites are located in a “subsurface layer” whose thickness can
be considered as equal to two or three times xg, and their total
quantity in the electrode per volume unit is equal to

(€29

X* =nN* (32)

By equating Eqgs. (27) and (28), X(0) is the solution of a
quadratic equation such as

aX(0)? +bX0)+c=0

where

a = yka(ky +k_2) + yk_4(k—1 + kz) — alk—4 — k4),

b = Ska(ky + k_2) + Sk—a(k—1 + ko) — Blk—4 — k4)
—a(ky + ko1 + ko +k_p + kg) — vka(ky + k_2),

¢ = —Blki + k_1ky + k_o + ks) — Ska(k; + k_2)

and

aX(0) + B . —kik_sX(0) + kiks
Vs = ———— = Cmax NV

yX(@0)+ 48 kX)) 4+ ke +ks +k_s
therefore

b+ Vb2 — 4
X)) = _2—ac
a

2.4. Small signal analysis

From Eqgs. (22)—(24), the responses A6, Alr, AJ(0), and
AX(0) to a small amplitude sinusoidal potential perturbation
AE are equal, in the frequency domain, to

Ajr = —F(Avi 4+ Avy + Avs) (33)

where from Egs. (21) and (29):
AVS = Cmaxd{[bsks(l — n) — b_sk_5n]N*AE

—(ks + k-5)AX*} (34)

where
1 d

AW:EAzﬂﬁwx (35)
Hence
Ajr = R7'AE + FK; A6 + FKsAX* (36)
where
R = —F[b1ki(1 — 6) — b_1k_10 4 baka6 — b_sk_»(1 — 6)

+cmaxN* (bsks(1 — n) — k_sb_sn)] (37
and
Ki=ki+k_y—ky—k_ (38)
Ks = cmaxd(ks + k—s) (39)

and a small amplitude perturbation of the quantity X, is such
as AX(t)=X(r) — X(steady state). Therefore, the charge transfer
resistance, R depends on the thickness of the metal film through
N*(d) and 6 (Eqs. (30) and (37)).

Similarly, from Eq. (23) it is possible to obtain

Jolmax A8 = KAE — KgAO + K4AX(0) (40)
where

K = biki(1 —0) —b_1k_10 — baka0 + b2k 2(1 —6)  (41)
Ko=ki+k_1+k+ko+ kil — XO]+k_sXO0) (42)

Ky = k46 + k_4(1 — 0) (43)
therefore

KAE + K4AX(0
M= et Ko )
Finally, from Eq. (24):
AJ(0) = Avg + Avs (45)
Hence
AJ(0) = K\ AE + K2 A0 + K3AX(0) + KsAX* (46)
where
K| = cmaxdN* (bsks(1 — n) — b_sk_sn) (47)
K> = k4[1 — X(0)] + k-4 X(0) (48)
K3 = —Ky4 (49)

From Eq. (18), the response of the dimensionless “trapped”
hydrogen concentration, AXj, at a distance x from the electrode,
is governed by
dA X,

dr

= — (ke + kX + ks +k_s)AX,

+h[N(x) — X(x)]AX (50)
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where X;, AX;, and AX are x-dependant, whereas X = X(0), i.e.
from Eq. (50):
JoAXy = —(ke + ke X(0) + ks + k—_5) A X,

kr + k—S

s
"k X (0) + ks

Xi(x)AX 1

therefore

_ Kallke + k—5)/ (ke X(0) + ks)) X () AX
Jjo + ke + kX(0) + ks + k_5

However from Eq. (35) and using Eq. (52):

AX, (52)

Axel /d kake + k—s)nN () AX (x)
“d Jo (jo+ ke +kX(0) + ks + k_s5)(k X(0) + k)

(53)
Therefore,
AX" = AAX(0) (54)
where

ki(ky + k_5)Noxo(1 — exp(—d/xo))
(jo + kt + ke X(0) + ks + k_5)(ky + kX(0) + ks + k_5)
(55)

However, as fod(BAJ/ax) dx = —Cmax fod(aAX/at) dx, one has
AJ(0) = —jwdcmax AX(0) and therefore
K{AE + Ko AO
AX(0) = —— ~1AEF 22 (56)
Jjowdcmax + K3 + AKs
From Egq. (44)
AG = 1/(ja)Fmax + Ko)(K — K K4/(ja)dcmax + K3 + AK5))
1+ K> K4/ (jowolmax + Ko)(jodemax + K3 + AKs))
x AE (57)

On the other hand, using Eq. (54), and substitution of AX(0)
by its value (Eq. (56)) into Eq. (36) the final form for ac current
is obtained

. - FAKsK;
Ajp= | R~ — = AE
Jwdemax + K3 + AKs
FAKsK,
+F | K — - A (58)
Jjodcmax + K3 + AKs

Then the electrochemical admittance Yr= Ajp/AE of the
hydrogen/electrode interface can be obtained by means of Eq.
(57):

FAKsK,
Jjowdcmax + K3 + AKs
n ( K;— FAKsK; )
jodemax + K3 + AKs
% K — (K1K4)/(jodemax + K3 + AKs)
JoI'max + Ko + (K2K4)/(jodemax + K3 + AKs)
(59)

Yr=R"'—

This quantity can be obtained also by considering the value of
the admittance calculated in Ref. [2] where diffusion has been
supposed to be a rate limiting step and by assuming that the
diffusion coefficient of hydrogen tends towards infinity. Then,
in this limiting situation, the quantities 1/Q and W/Q involved in
the calculated admittance [2], tend towards —(jwdcmax +AKs)
and A, respectively, which lead to the same value as Eq. (59).

2.5. Predictions of the model

The impedance, Z(w), and the change of the charge trans-
fer resistance with respect to the thickness of the iron layer, d,
was calculated from Egs. (59) and (37), respectively (Fig. 2),
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Fig. 2. Calculated (a) impedance (frequencies in Hz) and (b) charge
transfer resistance change with respect to the thickness of the iron layer
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for the values of the parameters given in the caption, in partic-
ular the ratio kg / k(ls =35 x 107* was tested. The impedance,
Z(w), has the shape of a semi-circle when a double layer capac-
ity is taken into account in parallel on the faradaic impedance,
Zr(w) (Fig. 2a). The charge transfer resistance increases when
the thickness of the iron film increases (Fig. 2b). This surprising
behaviour is related to the dependence of R; on the thickness of
the iron film through N* and n.

3. Experimental

In this experiment, the working electrode was made of a thin
iron film, whose thickness changed from a few hundreds of
nanometers to several micrometers, deposited on a gold elec-
trode, 5 mm in diameter.

3.1. Electrodeposition of iron on a gold substrate

The main difficulty of this part of the work was to make
iron deposits, which did not contain hydrogen and sufficiently
adherent to allow impedance measurements to be performed.
Hence, the gold disc electrode was very slightly rotated during
electrodeposition not to facilitate the insertion of hydrogen in
the deposit, which could be detrimental to the conclusions.

The electrodeposition  solution was FeSO4-7H,O
(240gL™1), FeCl-4H,0 (30gL~") and NH4CI (22.5gL™1).
0.1M NaOH was added until the yellow colour turned to
green blue, which corresponds to a solution pH between
4.5 and 6. The solution was maintained at 38°C during
electrodeposition. The counter electrode was a mild steel foil
and the reference electrode was a mercurous/mercurous sulfate
(Hg/Hg2S04/K2S04 saturated). The applied current density
was between 50 and 100 mA cm™2.

Before iron electrodeposition, the gold electrode was
mechanically polished (600 and then 1200 emery paper grade),
and then rinsed in deionized water and cleaned with ultrasounds
in acetone. After electrodeposition, the composite electrode was
rinsed in deionized water.

Gold was chosen as a substrate because it does not absorb
hydrogen, then hydrogen entered and crossed the iron film and
then was stopped by the gold substrate.

Fig. 3a and b shows the surface of the iron deposit observed
by a scanning electron microscope. It demonstrates that gold is
uniformly coated by the iron deposit both for a thin (0.44 pm)
or a thicker (4.4 pum) film deposited on the gold surface.

3.2. Electrochemical cell

The experiments of hydrogen insertion on deposited iron
on gold were carried out in 0.1 M H>SO4. A 5 mm diameter
solid iron rotating disc electrode (Goodfellow) was also used to
compare its characteristic to the iron film behaviour.

Electrochemical impedance measurements were carried out
by using a frequency response analyzer (FRA: Solartron 1250)
connected with a potentiostat (Solartron 1286). The amplitude
of the perturbating sinusoidal signal was equal to 15 mV peak

(a) B

(b)

188unm

Fig. 3. Scanning electron microscopic observations of the surface of the iron
films deposited on the gold electrode for thicknesses (a) 4.4 wm and (b) 0.44 pwm.

to peak in a 10kHz to 100 mHz frequency range using 10 mea-
surement points per decade.

Obtaining a steady state was particularly important to reach
relevant quantities for impedance measurements. Then, it was
necessary to wait a sufficient long time to reach a complete
charging of hydrogen of the sample characterized by a steady-
state current. In addition, it was necessary to impose an adequate
hydrodynamic regime to eliminate the hydrogen bubbles gener-
ated at the interface.

Hydrogen bubble evolution perturbs the electrochemical
measurements. When a rotating disc electrode is used, bub-
bles are blocked at the centre of the disc electrode as the active
surface is oriented towards the bottom of the cell, the rotation
axis being vertical. Therefore, the current and impedance mea-
surements are difficult to achieve. To eliminate as quickly as
possible the hydrogen bubbles, an impinging jet cell was used
to decrease their influence on the experimental data. A fixed
disc electrode at the bottom of the cell, vertically set to easily
free the bubbles, was positioned under the electrolyte jet, which
was horizontal. This type of cell ensures an uniform accessibil-
ity of the active species to the electrode surface. The volume
of the electrolyte was about 1500 ml and the temperature of the
solution was maintained at 25 °C. The counter electrode was
a large area platinum grid and the reference electrode was a
mercurous/mercurous sulphate electrode. The potential of the
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Fig. 4. Comparison of current—voltage curves obtained on solid iron electrode
and deposited iron electrodes of various thicknesses in an impinging jet cell in
0.1 M H,SOy4.

working electrode will be given, in the following, versus this
reference electrode (SSE is +0.650 V with respect to the normal
hydrogen electrode—NHE).

4. Results

The reactivity of the iron electrode and of the iron deposits
on gold electrodes towards hydrogen was evaluated by using
current—voltage curves in the cathodic domain in a first step and
then their characterization was carried out by impedance mea-
surements. The results were compared with the current—voltage
curves and impedances obtained on a rotating iron disc electrode
at a 2000 rpm rate.

4.1. Current—voltage curves

Current—voltage curves I(E) were obtained by using a low
potential sweep rate. Fig. 4 shows the comparison of the
current—voltage curve of both the solid iron electrode and the
deposited iron electrodes of various thicknesses in aerated 0.1 M
H,SO4 (Fig. 4) medium. The curves are relatively close but the
current was higher when the thickness of the iron deposit was
lower. Measurements were also carried out in deaerated medium
obtained by nitrogen bubbling but the difference due to oxygen
reduction was small, then in the following the iron electrode-
positions and their characterization were carried out in aerated
media.

4.2. Electrochemical impedances

Before any impedance measurement, some time was neces-
sary to reach a steady-state regime. This time corresponded to
a complete charging of hydrogen in the iron film and depended

on the imposed potential and the studied iron thickness. From
the observed current transients, a 20 min delay was necessary
for the solid iron electrode to reach a stable current before to
carry out impedance measurements whereas a 60 min delay was
necessary for iron deposited on gold.

Fig. 5 shows the impedance diagrams, measured at
—1.1 V/SSE, for various thicknesses of the iron layer after sta-
bilisation in a 0.1 M H»SO4 aqueous solution. Whatever the
thickness of the iron layer deposited on the gold electrode or
for a solid iron electrode the impedance diagrams were formed
by an unique capacitive loop, which should represent the charge
transfer resistance, Ry, in parallel on the double layer capacity,
Cq. The main conclusion is that the charge transfer resistance
changed with the thickness of the electrodeposited film. This
demonstrated a surprising behaviour as, in principle, the charge
transfer resistance characterizes solely surface phenomena and
should not vary with the thickness of the tested sample.

Fig. 6 shows the change of R; with respect to the thickness of
the deposited iron film on a gold substrate at various potentials in
a0.1 M H,SO4 aqueous solution. After to be rather constant up to
1 wm, Ry increased with the thickness of the sample and asymp-
totically tended towards the value found for the charge transfer
resistance of the solid iron electrode. For very thin films (smaller
than 1 wm), R; is constant, in agreement with the model predic-
tion, as the surface charge transfer becomes preponderant and
then independent of the thickness. For larger thicknesses (greater
than 1 wm) an important increase of the R; value was observed
when the charge transfer in volume increases. For thicker iron
films (greater than a few wm), R; increased only a little bit as the
charge transfer in volume is limited to a thin layer and finally
tended towards an asymptotic line whose value was equal to the
value obtained for a solid iron electrode.
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Fig. 5. Impedance diagrams measured on electrodeposited iron electrodes on
a gold substrate in 0.1 M H,SO4 obtained in a impinging jet cell for various
thicknesses in at —1.1 V/SSE (frequencies in Hz).
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electrodeposited iron at various potentials in 0.1 M HSOj.

The change of R; with respect to the potential is given in Fig. 7
for various thicknesses of the electrodeposited iron and for the
solid iron electrode. For the latter, a large increase was observed
for potential values lower than E=—1.1 V/SSE, whereas for the
electrodeposited iron electrodes the charge transfer resistance
increased between E=—1.2 and —1.1 V/SSE and then slightly
decreased probably due to the growing influence of the anodic
process. This increase was as much important as the deposit was
thicker. For more cathodic potentials, the value of the charge
transfer resistance decreases proportionally to the inverse of the
cathodic current.

Vi —

@ 044;m b
80 - 0.88 um 7
— & 24um
—4&— 38um
60 - —%— 88um .
—&— solid iron

ct

R_(Qcm?)

40 .

20 1 /v 4
i SO
v

A

N e
l:__‘_——fl—"g‘r;;_’"- il ®
0 T T T T T T T T T
-1.5 -1.4 -1.3 -1.2 -1.1 -1.0 -0.9

Potential (V)

Fig. 7. Change of the charge transfer resistance with respect to the potential for
various thicknesses of the electrodeposited iron in 0.1 M HSO4.
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Fig. 8. Change of the double layer capacitance with respect to the thickness of
the iron deposited film on the gold electrode.

5. Discussion

The main experimental result of this study is the thickness
dependence of the charge transfer resistance of the impedance
of the iron film electrode. As, usually, this resistance is inde-
pendent of the substrate volume as it is a surface dependent
quantity, it is necessary to check that this surprising increase
of the charge transfer resistance was not due to the decrease
of the roughness of the iron film surface. Fig. 8 shows the
variation of the double layer capacitance with respect to the
thickness of the iron layer and the limiting value obtained for
a solid iron electrode obtained from the impedance measure-
ments. In fact, this capacitance decreases when the thickness of
the film increases showing that the active surface is lower for
thick films probably due to a rougher deposit for the thinner
films. The active surface was about two times smaller for thick
deposits than for thin deposits, which explains why the current
is larger for thin deposits in Fig. 4. However, the increase of
the charge transfer resistance is more than three times from
thin to thick deposits, which demonstrates that the increase
of this resistance is not due only to a change of active sur-
face.

To interpret the R; thickness dependence it is necessary to
consider, in addition to a classical charge transfer at the elec-
trode surface an extra charge transfer involving the bulk metal.
Then, it is proposed here to consider the competition of two
insertion processes of hydrogen in the iron film, which occur in
parallel and schematized in Fig. 7. The first one is the classi-
cal two-step indirect absorption process, via the H,qs adsorbed
intermediate, first proposed by Bockris et al. [20], whose rate
constants are ki, k_1, k4, k_4. The second one can be seen as
a generalization of the one-step Frumkin direct insertion pro-
cess [21-23], which generates the H}}  in a thin sublayer, which
was already proposed for the Pd/H system, and whose rate con-
stants are k5, k_5. In the sublayer, the absorbed monoatomic
hydrogen, Haps, and the “trapped” hydrogen, H};, , are supposed
to interact through k¢, k;. On these basis, the model proposed
in the first part of this paper predicts that the charge transfer
resistance is film thickness-dependent if either ks or k_s is not
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Fig. 9. Scheme of the reaction mechanism proposed for the interaction of hydro-
gen with iron.

zero. In addition, if k5=0, then k¢, k4, and ks have not to be
equal to zero and if k_5 =0, k; and ks have not to be equal to
ZerO0.

Now, when k_s5 =0 the charge transfer resistance is always
increasing with the iron film thickness whatever the values of
the other rate constants. When k5 =0, the charge transfer resis-
tance decreases when the film thickness increases. This means
that for iron a direct absorption of hydrogen has to be consid-
ered to fit the experimental increase of R when d increases (at
least k5(E) > k_5(E) is needed). As a comparison, for palladium
this is k_5(E) > k5(E) which is necessary, as the charge trans-
fer resistance is decreasing when the palladium film thickness
increases.

When k_s # 0, the sense of variation of the charge transfer
resistance with respect to the film thickness depends of the values
of ki and k_ whatever the value of k5.

Finally, the reaction mechanism proposed in this paper to
describe the interaction of hydrogen with iron is depicted in
Fig. 9.

Usual kinetic models, where charge transfer is supposed to
occur only on the electrode surface, lead to charge transfer resis-
tances independent of the thickness of the specimen. In this
paper, to account for the thickness dependence of the charge
transfer resistance, it was supposed that charge transfer occurs
in a sublayer inside the sample as well. It was assumed that
hydrogen atoms were bonded on some sites with an exponen-
tial distribution from the electrode surface. These sites can be
generated by the coexistence of hydrogen-rich zones in the sub-
layer and hydrogen-poor zones in the deep bulk of the film. They
can be different from the commonly considered traps, which are
generated by compressive stresses, grain boundaries or disloca-
tions. Notice that the hypothesis of the existence of two types
of hydrogen bonded to the metal lattice have been already con-
sidered in the literature (e.g. H and H* in [24,25]). However, a
model taking into account only an heterogeneity of 2D adsorp-
tion sites will not be able to explain such a thickness-dependence
of the charge transfer resistance.

Two other types of adsorbed hydrogen are also considered:
Hypp and Hopp in [26,27], Hypp being right on the metal
surface and Hopp adsorbed on the second layer. The second
type is sometimes considered as due to the direct absorption
as it “undergoes direct interfacial transfer to a subsurface site,

followed by transfer to an interstice below the second surface
monolayer becoming absorbed H” [28,29]. However, this view
is only valid for monocrystals. In fact, even when the deposit
is made on Au(l 11) like in Ref. [9], the first layers are not
perfect, because there is not a layer-by-layer deposit at the begin-
ning due to the misfit between the lattice of gold and palladium
[30]. So, Lasia has noted that more than two monolayers are
necessary to get normal absorption, i.e. Haps. In the present
experiment, where iron (and probably palladium in [31]) was
electrochemically deposited on polycrystalline gold, numerous
layers of the deposited metal were probably perturbed before to
reach a more homogeneous structure. This could explain why
the direct absorption mechanism is not limited to a depth equal
to two monolayers as in perfect crystals, but can go much deeper
in the bulk metal (here a few micrometers). This argument can
be related to an hypothesis made by Bucur [32], on the possibil-
ity of two kinds of adsorption sites of hydrogen on palladium: a
weak adsorption site on the crystallographic planes at the surface
of palladium and strong adsorption sites on the surface imper-
fections, which can be distributed in the whole volume of the
palladium. He has supported this assumption by the findings that
on an ideal surface of a palladium monocrystal only the weak
adsorbed species can be identified [33], while on black palla-
dium a quite wide spectrum of strongly bonded forms can be
found [34].

As the proposed model is not obviously unique, another pos-
sible model, which would have a similar behaviour, would be
to consider a uniform “trap” density in the bulk metal and rate
constants ks and k_s which would decrease exponentially with
the distance from the surface due to a gradient of physical prop-
erties of the metal. It would give very close predictions on R, as
the mathematics are similar, because ks, k_s5 and N* appear as
products ksN* and k_sN" in the expression of the charge transfer
resistance (Eq. (37)).

6. Conclusion

The main result of this study, which characterizes the hydro-
gen interaction with iron, is that the charge transfer resistance
increases with the film thickness on the opposite of the behaviour
of the transfer resistance measured on palladium films [31]. A
model taking into account the classical two-step indirect inser-
tion of hydrogen into iron in competition with a direct entry of
hydrogen in the iron electrode of absorbed monoatomic hydro-
gen in sites in a sublayer is proposed.

These experiments on the hydrogen/iron system allow the
behaviour of iron to be compared, at least qualitatively, to the
behaviour of palladium concerning its interaction with hydro-
gen when the metal is deposited in thin films on a gold substrate.
However, it is necessary to keep in mind that for iron, hydro-
gen is evolving under bubble form in the whole cathodic range
whereas there is solely absorption in the potential range of the a-
phase for palladium. A variation of the charge transfer resistance
with respect to the thickness of the film is observed for the two
metals. This feature is highly surprising as the charge transfer
resistance is generally related to surface phenomena and not to
volume processes. This special behaviour has been explained by
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a “trapping” of the absorbed hydrogen in a sublayer just below
the surface of the electrode and, for palladium, a direct desorp-
tion of this “trapped” hydrogen in the solution [31]. However,
for palladium, the charge transfer resistance decreases when the
thickness of the film increases whereas for iron this resistance
increases with the thickness of the film, which was explained
by a direct absorption of hydrogen on the sites in the sublayer.
Therefore, the involvement of a one-step Frumkin mechanism
of direct hydrogen absorption is responsible for the observed
interaction of hydrogen with palladium and iron. At the end,
a possible explanation of such a deep penetration of the direct
hydrogen absorption in the metal is proposed. It is based on
the imperfections of the first layers of the deposited metals on
polycrystalline gold.
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