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Abstract

In this work we report results related to hydrogen evolution and absorption, on AISI 1045 steel and AISI 1045 steel
modified by Sn electrodeposition, in 1 M NaOH. The simulation of experimental impedance, steady-state j=E data
and electrochemical permeation data in terms of the Volmer–Heyrovsky mechanism coupled to H absorption and
diffusion, allowed the estimation of kinetic and transport parameters leading to an appropriate interpretation of
diminished H absorption on Sn modified samples.

1. Introduction

The ingress of H into ferrous materials has been the
subject of numerous investigations, due to it being a
major cause of embrittlement and damage coupled to
metallic corrosion in many technological processes. It is
well known that H adatoms, Had, produced in the
Volmer step by electrochemical reduction of H2O or
H3O

þ, may subsequently penetrate and diffuse into the
electrode material [1]. Consequently, this process may
be hindered by modification of the hydrogen evolution
reaction (HER) kinetics, in order to diminish the Had

surface concentration or by changing the kinetics of H
absorption, or H solubility. It has been reported [2, 3]
that Fe electrodes modified by Sn implantation and
electrodeposition, exhibit diminished steady state H
permeation rates compared to pure Fe, due to smaller H
concentrations in the electrode material.
In this work, we report results related to hydrogen

evolution and absorption on AISI 1045 steel electrodes,
modified by Sn electrodeposition and annealing. The
simulation of experimental impedance and electrochem-
ical permeation data in terms of Volmer–Heyrovsky
reaction steps coupled to H absorption and diffusion [4],
allowed the estimation of kinetic and transport para-

meters leading to an appropriate interpretation of the
diminished H absorption on Sn-modified samples.

2. Experimental details

The Sn modified electrodes were prepared by electrode-
position of a 100 nm thick Sn layer, from a solution
containing SnSO4 30 g l�1, H2SO4 100 ml l�1 and a
commercial brightener (ROHCO roplate), on AISI 1045
steel samples inserted in epoxy resin (exposed geometric
area, Ag ¼ 1 cm2). To promote Sn diffusion and forma-
tion of Fe–Sn compounds, the samples were annealed
for 2 h at 400 �C in low vacuum (10�2 atm).
Electrochemical experiments were carried out in 0.1 M

NaOH solutions, at T ¼ 25 �C, in a conventional three-
compartment glass cell [4], under N2 atmosphere.
Potentials were measured and referred to in the text,
against a Hg/HgO/0.1 M OH� reference electrode.
Potentiostatic polarization curves were measured with

an EG&G M273 potentiostat. Impedance spectra were
recorded, using a Solartron 1255HF FRA and PAR 273
potentiostat coupled to an IBM compatible PC.

3. Results

Figure 1 shows polarization plots corresponding to
HER on Sn-modified steel (Sn–St) and on untreated
steel electrodes (St). Experimental potential values were
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corrected for ohmic drop effects with electrolyte resis-
tance (Rs) values obtained from impedance measure-
ments. Current densities, j, were calculated per unit of
geometric area, Ag.
Sn-modified steel electrodes show a Tafel slope of

bT � 0:12 V dec�1 in the whole measured potential
range, while for untreated steel electrodes a value of
bT � 0:18 V dec�1 was calculated at high HER current
densities, j > 0:5 mA cm�2. At potentials jEj > 1:25 V,
higher current densities were measured on Sn-modified
steel compared to untreated steel electrodes.
The linearity of Tafel plots, with 0.180 V dec�1 P

bT P 0:120 V dec�1, at high negative overpotentials, is
a strong indication that the HER proceeds via a
Volmer–Heyrovsky mechanism [5]. It has been reported
[1, 6] that the Volmer–Heyrovsky scheme rules the HER
on Fe and steel in alkaline and neutral electrolytes.
In the case of the Volmer–Tafel mechanism an

activation controlled limiting current arises at high
cathodic overpotentials [7], this behaviour has been
reported for very few metal surfaces.

Figures 2 and 3 depict complex impedance spectra of
St and Sn–St electrodes, corresponding to different
potentials in the HER region. In both cases distorted
capacitive contributions are observed in impedance
spectra at low HER overpotentials (Figures 2(a, b)
and 3(a, b)). At higher cathodic overpotentials two
overlapped capacitive loops may be distinguished (Fig-
ure 2(d)).
Double layer capacitance values, Cdl, calculated from

high frequency data indicate interfacial areas ten times
bigger for Sn–steel electrodes as compared to pure steel
(Table 1). The enhancement of the interfacial area could
be explained by the reduction under cathodic polariza-
tion of superficial Fe–Sn oxides, which were formed
previously during the annealing. The analysis by Ruth-
erford backscattering spectroscopy [3] of the surface
indicated the presence after annealing of a 10 nm thick
oxide layer. Thus, the described increment of interfacial
area was assumed to be due to the formation of Fe–Sn
dendrites by the reduction of surface oxides.

3.1. Reaction mechanism

The experimental data presented in Figures 1–3 may be
analysed according to the following reaction steps [4, 8]:
Volmer

H2OþMþ e� Ð
K1

K�1
MHad þOH� ðIÞ

Heyrovsky

MHad þH2Oþ e� Ð
K2

K�2
MþH2 þOH� ðIIÞ

Tafel

MHad þMHadÐ
K3

K�3
2MþH2 ðIIIÞ

Fig. 1. Polarization plots for HER in 0.1 M NaOH on untreated steel

and on Sn-modified steel electrodes. Key: (h) Sn–St; (n) steel.

Fig. 2. Complex impedance spectra corresponding to HER on untreated steel. Eapp: (a) �1:05, (b) �1:15, (c) �1:25 and (d) �1:35 V.
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In the following analysis vðIIIÞ << vðIIÞ will be
considered, according to the Tafel behaviour depicted
in Figure 1. This assumption will be validated by the
parametric identification presented below.
H atoms may be absorbed into the electrode material

according to the following reaction [9]:
H absorption reaction (HAR)

MHad Ð
K4

K�4
MþHab ðIVÞ

Reaction IV is followed by H diffusion into the bulk of
the metal. In the steady state, equilibrium of Reaction
IV is usually assumed [7, 8].
Equations relating charge and mass balances are given

by the following IFðtÞ and gðtÞ functions [8]:

IFðtÞ ¼ �F ½K1ð1� hÞ � K�1h þ K2h � K�2ð1� hÞ

ð1Þ

gðtÞ ¼ C
dh
dt

¼ K1ð1� hÞ � K�1h � K2h þ K�2ð1� hÞ
� K4hð1� XHÞ þ K�4ð1� hÞXH ð2Þ

where Ki¼K0
i expðbiEÞ, with bi¼�biF =RT , b�i¼ð1�biÞ

F =RT . Also: E, corresponding to the applied potential
(Eapp) corrected by ohmic drop effects, is given by

E¼Eapp�ðIRsÞ; K4, K�4 being the absorption reaction
(IV) chemical rate constants; h is the Had surface
coverage and C the Had maximum surface concentra-
tion; and XH¼CH=CH;max, being CH the Hab concentra-
tion inside the metal (at x¼0, just below the surface),
where CH;max, is the maximum Hab interstitial concen-
tration, also called the critical concentration, Ccrit [10].
At the equilibrium potential, the following condition

operates [8]:

Keq
1 Keq

2

Keq
�1K

eq
�2

¼ 1

eliminating one out of four kinetic constants.
Hydrogen transport into the metal is described by

Fick’s first and second laws [4, 8]. Semiinfinite diffusion
along the x direction will be considered on account of
the geometry of the electrode:

Jðx; tÞ ¼ �DCH;max
@XHðx; tÞ

@x

� �
ð3Þ

dXHðx; tÞ
dt

¼ D
@2XHðx; tÞ

@x2

� �
ð4Þ

The boundary condition at x ¼ 0, is given by

Jð0; tÞ ¼ vIV ¼ K4hð1� XHÞ � K�4ð1� hÞXH

Fig. 3. Complex impedance spectra corresponding to HER on Sn-modified steel. Eapp: (a) �1.05, (b) �1.15, (c) �1.25 and (d) �1.35 V.

Table 1. Parameters used for the simulation of impedance and steady-state i/E data

Constraints bi)b)i = �38.9 V)1 and Keq
1 Keq

2 =Keq
�1K

eq
�2 ¼ 1, were applied

Real area, Ar, was estimated from Cdl values calculated from high frequency impedance data

Ar

/cm)2
K0
1 /Ar

/mol s)1 cm)2
b1
/V)1

K0
2 /Ar

/mol s)1 cm)2
b2
/V)1

K0
�1/Ar

/mol s)1 cm)2
K4

/K)4

DCH,max

/mol cm)1 s)1
C/Ar

/mol cm)2
Cdl/Ar

/F cm)2

Steel 1 ð6� 1Þ � 10�21 )23.4 ð6� 0:5Þ � 10�16 )12.6 ð3� 1Þ � 10�2 1:2� 0:4 3:5� 10�12 6� 10�10 1� 10�4

Sn–St 10 ð2� 0:4Þ � 10�19 )19.9 ð2� 0:05Þ � 10�20 )19.2 ð4� 0:7Þ � 10�1 0.03 O3:5� 10�12 4� 10�10 1:4� 10�4
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Considering the steady-state conditions [7, 8]: the
solution of Equation 4, for semiinfinite diffusion under
steady state conditions, indicates JðxÞ ¼ 0 [11]. Thus,

Jð0Þ ¼ vIV ¼ K4hð1� XHÞ � K�4ð1� hÞXH ¼ 0

and equilibrium of Reaction IV is fulfilled under steady-
state conditions.
Also, taking into account dh=dt ¼ 0, the following

steady state equations may be derived:

hSS ¼ K1 þ K�2
K1 þ K�1 þ K2 þ K�2

ð5Þ

X SS
H ¼ K4h

K4h þ K�4ð1� hÞ ¼
K4

K�4
h

K4

K�4
h þ ð1� hÞ

ð6Þ

ISSF may now be calculated using Equations 1 and 5.

3.2. Faradaic impedance analysis

The faradaic impedance, ZF, for this system, may be
derived from Equations 1–4 after a Taylor series
expansion limited to the first order terms and a Fourier
transformation, as explained in [4, 12].

1

Zf
¼ DIFðxÞ

DEðxÞ ¼ @IF
@E

� �
h

þ @IF
@h

� �
E

DhðxÞ
DEðxÞ ð7Þ

Cjx
DhðxÞ
DEðxÞ ¼

@g

@E

� �
h;CH

þ @g

@h

� �
E;CH

DhðxÞ
DEðxÞ

þ @g
@XH

� �
E;h

DXHð0;xÞ
DEðxÞ ð8Þ

To determine DXHð0;xÞ=DE, Equation 4 must be solved
for a small sine-wave potential perturbation of the
system. After Fourier transformation, Equation 4 may
be written as

jxDXHðx;xÞ ¼ D
@2DXHðx;xÞ

@x2

� �
ð9Þ

Following a similar procedure, Equation 3 may be
expressed as

DJðx;xÞ ¼ �DCH;max
@DXHðx;xÞ

@x

� �
ð10Þ

Equation 9 has the solution:

DXHðx;xÞ ¼ M expðx
ffiffiffiffiffiffiffiffiffiffiffi
jx=D

p
Þ þ N expð�x

ffiffiffiffiffiffiffiffiffiffiffi
jx=D

p
Þ

with the following boundary conditions:
At x ! 1, for semiinfinite diffusion, DXHðx;xÞ ! 0.
Thus,

DXHðx;xÞ ¼ N expð�x
ffiffiffiffiffiffiffiffiffiffiffi
jx=D

p
Þ ð11Þ

At x ¼ 0;

AgDJð0;xÞ ¼ DvIVðxÞ ¼ �AgDCH;max
@DXHð0;xÞ

@x
ð12Þ

where vIV is the reaction rate of step IV.
Therefore, taking into account Equations 10–12:

DvIVðxÞ
DEðxÞ ¼ @vIV

@h

� �
DhðxÞ
DEðxÞ þ

@vIV
@XH

� �
DXHðxÞ
DEðxÞ

¼ AgDCH;max

ffiffiffiffiffi
jw
D

r
DXHðxÞ
DEðxÞ ð13Þ

The set of equations (7, 8 and 13) may be rewritten as
follows:

1

ZF
¼ �F ½K1b1ð1� hssÞ � K�1b�1h

ss þ K2b2h
ss

� K�2b�2ð1� hssÞ
 þ ð�K1 � K�1 þ K2 þ K�2Þ

� DhðxÞ
DEðxÞ ð14Þ

Cjx
DhðxÞ
DEðxÞ ¼ K1b1ð1� hssÞ � K�1b�1h

ss � K2b2h
ss½

þ K�2b�2h
ss
 þ �K1 � K�2 � K�1½

� K2 � K4ð1� X ss
H Þ � K�4X ss

H 
 DhðxÞ
DEðxÞ

þ K4h
ss þ K�4ð1� hssÞ½ 
DXHð0;xÞ

DEðxÞ
ð15Þ

K4ð1� X ss
H Þ þ K�4X ss

H

� 	 DhðxÞ
DEðxÞ � K�4ð1� hssÞ½

þ K4h
ss
DXHð0;xÞ

DEðxÞ ¼ ArDCH;max

ffiffiffiffiffi
jx
D

r
DXHð0;xÞ

DEðxÞ
ð16Þ

The linear set of equations (Equations 14–16) may be
written in matrix notation as [4]:

HA ¼ Y ð17Þ

where

H ¼
�1 h1;2 0
0 h2;2 h2;3
0 h3;2 h3;3
















h1;2 ¼ �F ð�K1 þ K�2 � K�1 þ K2Þ
h2;2 ¼ ð�K1 � K�2 � K�1 � K2

� K4ð1� X ss
H Þ � K�4X ss

H � CjxÞ
h2;3 ¼ K�4ð1� hssÞ þ K4h

ss

h3;2 ¼ �ðK4ðCH;max � Css
HÞ þ K�4Css

HÞ

h3;3 ¼ AgDCH;max

ffiffiffiffiffi
jx
D

r
þ K�4ð1� hssÞ þ K4h

ss
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A ¼
1=Zf

DhðxÞ=DEðxÞ
DXHðxÞ=DEðxÞ
















and

Y ¼
y1;1
y2;1
0
















with

y1;1 ¼ F ðK1b1ð1� hssÞ � K�1b�1h
ss þ K2b2h

ss

� K�2b�2ð1� hssÞÞ
y2;1 ¼ �ðK1b1ð1� hssÞ � K�1b�1h

ss � K2b2h
ss

þ K�2b�2h
ssÞ

The solution of Equation 17 is

A ¼ H�1Y ð18Þ

From Equation 18, ZF ¼ ðA1;1Þ�1 may be derived by
giving numerical values to the parameters D, Ki, bi, C
and CH;max.
For the calculation of the total impedance function,

ZT, parallel connection of ZF with Cdl, and series
connection of both with the electrolyte resistance, RS,
must be considered [4]:

ZT ¼ RS þ ZFð1þ jxCdlZFÞ�1 ð19Þ

3.3. Simulation results

Figure 4 shows experimental and simulated Nyquist
plots corresponding to HER on steel and Sn-modified

steel electrodes. Simulated data were calculated in terms
of Equations 18 and 19, using the system parameter
values in Table 1. Good agreement is also observed
between experimental and theoretical steady state po-
larization data depicted in Figure 5.
Kinetic and permeation parameters, K4=K�4 and

DCHmax related to H absorption and diffusion on Sn–
steel could not be determined with sufficient precision
from impedance simulation, as the contribution of
Reaction IV is smaller on Sn–steel electrodes than on
untreated steel. Nevertheless impedance data corre-
sponding to Sn–steel, could only be adequately simu-
lated with values of DCH,maxO3:5�10�12 mol cm�1 s�1.
According to DCH,max value given in Table 1,

CH,max � 5� 10�8 mol cm�3, was estimated for both
materials, assuming D � 7� 10�5 cm2 s�1 [1].
The K4=K�4 value corresponding to Sn–steel, in

Table 1, was determined from electrochemical perme-
ation data as explained below.
The potential dependence of the kinetic constants may

be calculated in terms of Ki and bi values assembled in
Table 1. As depicted in Figure 6, Heyrovsky reaction
corresponds to the rate determining step (r.d.s.), for
both materials.
The hss against E dependence, corresponding to steel

and Sn–steel is depicted in Figure 7.
For Sn–steel electrodes, it was not possible to deter-

mine K4=K�4, with acceptable precision, from imped-
ance simulation. This parameter was determined, from
Equation 6, using experimental X ss

H values determined
by electrochemical permeation [2, 3], and hss, calculated
from Equation 5. With this procedure K4=K�4 ¼ 0:03,
was estimated as indicated in Table 1. Good simulation
results of impedance data were obtained using this value
for K4=K�4.

Fig. 4. Experimental and simulated complex impedance spectra, corresponding to steel and Sn-modified steel electrodes. Eapp: (a) �1:15 V (steel);

(b) �1:35 V (steel); (c) �1:15 V (Sn–steel); (d) �1:3 V (Sn–steel). Key: (n) experiment and (s) simulation.
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X ss against j plots for St and Sn–St are depicted in
Figure 8. For steel, good agreement is observed between
X ss in Figure 8 and reported electrochemical permeation
results [1–3].
In Figure 7, hss against E plots, indicate higher values

of Had surface coverage, hss, for Sn-modified steel
electrodes for jEj < 1:25 V. Nevertheless, electrochemi-
cal permeation data (Figure 8) indicate smaller X ss

H (and
smaller Css

H, for the same CH;max) for Sn-modified steel.
Accordingly, smaller XH values in Sn–steel electrodes are
a consequence of a lower K4=K�4 ratio, as indicated in
Table 1.
In Figure 9, theoretical X ss

H against ðjÞ1=2 plots corre-
sponding to steel and Sn–steel, are depicted. Clearly a
linear dependence is observed for steel electrodes at low
j. A linear dependence in, (permeation current) Ip
against j1=2 plots has been taken as proof of Volmer–
Tafel controlling mechanism [13].
Ip is related to X ss

H through:

Ip ¼ zFDAgCH;maxX ss
H=L

Fig. 5. Experimental and simulated j=E data corresponding to HER

on steel (a) and Sn–steel (b) electrodes. Key: (n) experiment and (s)

simulation.

Fig. 6. log(Ki=Ar) against E plots corresponding to Volmer and

Heyrovsky reactions on St and Sn–St electrodes. Key: (n) K1 (St);

(h) K1 (Sn–St); (d) K�1 (St); (s) K�1 (Sn–St); (m) K2 (St); (n) K2 (Sn–

St).

Fig. 7. Steady-state h (Had) against E plots, calculated with Equation 5

using the kinetic parameters of Table 1. Key: (n) steel and (n) Sn–

steel.

Fig. 8. Xss
H against j plots. Key: (n) steel and (n) Sn–steel.
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where L is the metallic membrane thickness. Then,
Figure 9 indicates that permeation data alone do not
give conclusive evidence for the determination of the
mechanism controlling the HER.

4. Conclusions

(i) Steady state j=E and electrochemical impedance data
corresponding to hydrogen evolution and absorption
on steel and Sn modified steel electrodes in 1 M

NaOH were adequately simulated in terms of the

Volmer–Heyrovsky reaction scheme coupled to hy-
drogen absorption and diffusion.

(ii) Diminished hydrogen concentrations in Sn modified
steel in comparison with steel electrodes, are due to
a smaller K4=K�4, absorption/desorption reaction
rates ratio.
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