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A B S T R A C T

Armco iron samples are exposed to pressures of 0.1–30 MPa to study hydrogen permeation during
potentiostatic charging. Elecrochemical impedance spectroscopy (EIS) is performed to analyze the
electrode/electrolyte interface reaction. According to EIS and first-principles calculations, the hydrostatic
pressure decreases the distance between the adsorbed hydrogen atoms and the sample surface, which
induces hydrogen atom diffusion into the subsurface by decreasing the diffusion barrier energy. Under
high pressure, hydrogen molecules gather at the sample entry side and inhibit the hydrogen
recombination reaction. Thus, the amount of adsorbed hydrogen and the hydrogen subsurface coverage
increase.
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1. Introduction

Deep-sea water can induce severe hydrogen-induced cracking
(HIC) of metallic materials and structures [1], which stimulated
several studies of the hydrostatic pressure effects on HIC. Olsen
et al. demonstrated that the hydrostatic pressure could signifi-
cantly increase the hydrogen concentration in duplex stainless
steels and super martensitic steels when immersed in a 3.5% NaCl
electrolyte with aluminum anodes. Thus, HIC occurs more easily in
deep-sea environment [2]. Therefore, research of the diffusion and
hydrogen evolution reaction (HER) mechanisms in steels under
hydrostatic pressure is essential.

Experiments of the pressure effects on hydrogen diffusion
mechanisms in metals have been performed by many researchers
since 1966. Woodward et al. [3] and Nanis et al. [4] claimed that the
hydrostatic pressure increased the permeation rate, but the
diffusivity remained unchanged. However, Smirnova et al. [5]
and Blundy et al. [6,7] found that the permeation flux was
independent from the hydrostatic pressure if the electrolyte was
stirred at the entry side. The authors hypothesized that the
permeation rate increased with the hydrogen partial pressure at
the entry side and that hydrostatic pressure did not directly affect
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the permeation rate. Based on the surface effect model [8], Xiong
et al. experimentally demonstrated that the hydrostatic pressure
directly affected the hydrogen surface adsorption. The hydrogen
concentration at the subsurface of the A514 steel membrane
increased with hydrostatic pressure [9]. However, the effects of the
hydrostatic pressure on each kinetic parameter of HER remain
unclear.

During the past decade, models of hydrogen permeation have
been developed, allowing to obtain kinetic parameters for the HER.
These models show that hydrogen diffuses into metal in alkaline
solutions in the following reaction [8,10–12]:

H2O þ M þ e� k1 MHads þ OH� ð1Þ
Here, M represents the metal electrode, and MHads represents a
hydrogen atom adsorbed on the metal surface. Parts of the
adsorbed hydrogen atoms recombine into a hydrogen molecule via
the simple Tafel chemical recombination reaction:

MHads þ MHads
k2 H2 þ 2M ð2Þ

or by the Heyrovsky electrochemical reaction:

MHads þ H2O þ e� k3 H2 þ OH� þ M ð3Þ
In alkaline solution, the coupled discharge-chemical desorption

occurs at lower overpotential, and slow discharge-fast electro-
chemical desorption occurs at higher overpotential [12]. Adsorp-
tion is followed by absorption of some adsorbed hydrogen atoms.
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Thus, hydrogen atoms diffuse into the subsurface immediately
under the electrode surface as follows:

MHads þ Msubsurface$Msurface þ MHabs subsurfaceð Þ ð4Þ
Then, the absorbed hydrogen atoms diffuse from the subsurface

into the bulk metal:

MHabs subsurfaceð Þ ! MHabs bulkð Þ ð5Þ
The absorption of hydrogen into metals shown above is the first

and necessary step in hydrogen embrittlement [8,10,13]. Some
researchers considered the surface effects at the hydrogen entry
side during electrochemical hydrogen permeation [8,14–16]. By
measuring kinetic parameters of the HER, one can illustrate the
pressure effects on reactions (1) through (5).

To measure kinetic parameters of the HER, general derivation of
the Iver-Pickering-Zamenzadeh (IPZ) model [17] was adopted in
this paper. This model, proposed by Al-Faqeer et al., is applicable
for the discharge-recombination process of hydrogen evolution in
electrode/electrolyte systems under the Frumkin and the Langmuir
adsorption conditions.

According to the Frumkin adsorption isotherm, the free energy
of the species adsorption is correlated with the species coverage as
follows:

DGo
u ¼ DGo

0 þ f RTu ð6Þ
where DGo

u and DGo
0 are standard free energies of the adsorption at

coverage u and zero coverage (u=0), respectively; R is the gas
constant; T is the absolute temperature; f is a dimensionless factor,
which describes the deviation from the ideal Langmuir behavior.
The change in DGo

u is represented by the fRT quantity.
To evaluate kinetic parameters of the HER, Eqs. (7)–(9) were

derived based on the original IPZ model [14–16] and the Frumkin
adsorption in Eq. (6):ffiffiffiffi
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where i1 and ir are the current densities of the steady-state and
adsorbed hydrogen atom combination; ic is the charging current
density; k2 is the kinetic parameter in Eq. (2); a is the transfer
coefficient; F is the Faraday’s constant; h is the overpotential
(h = Eapplied – Ecorr; Eapplied is the applied cathodic potential; Ecorr is
the corrosion potential).

i
0
o ¼ Fk1CHþ ¼ io= 1 � ueH

� � ð10Þ

Here, io is the exchange current density of the HER; ueHis the
hydrogen surface coverage at equilibrium; CHþ is the hydrogen ion
concentration in the electrolyte; k is the kinetic diffusion constant,
which is defined as

k ¼ kabs
1 þ kdes LD

ð11Þ

In Eq. (11), kabs is the rate constant for hydrogen absorption into
the metal at the charging surface; kdes is the rate constant of
hydrogen desorption in the opposite direction, i.e., from the
absorbed to the adsorbed state; D is the hydrogen diffusion
coefficient in the membrane; L is the membrane thickness. i1, ir
and ic can be obtained from the experimental data. When a suitable
Eapplied for hydrogen charging is chosen, HER follows the coupled
discharge-recombination mechanism [12]. Thus, linear relation-

ships between
ffiffiffiffi
ir

p
=i1icexp Fah=RTð Þ and i1, and between

ln
ffiffiffiffi
ir

p
=i1

� �
and i1, can be obtained. The kinetic parameters of

the HER can be calculated based on Eqs. (7)–(9).
Since HER occurs at the metal surface/electrolyte interface, it is

necessary to provide further insight into the pressure effect on the
structure of the double-layer capacitance. The notion of double-
layer capacitance was first mentioned by Gouy [18], Chapman [19]
and Stern [20]. However, this model did not consider the ion
volume and hydrostatic pressure generated by the Coulomb force.
Both models proposed by Shapovalov [21] and Dreyer [22] claimed
that the electrostatically generated pressure was not negligible; it
could be several hundred MPa near the electrode surface and
dramatically decrease with the distance from the electrode
surface, which proved that the hydrostatic pressure of the
electrolyte (approximately 30 MPa) could affect the ion distribu-
tion in the double layer. The double-layer thickness can change the
place of the HER, so the pressure obviously affects the adsorption
and absorption of hydrogen atoms. However, this effect cannot be
directly observed. Combined with the EIS analysis results, first-
principles calculations based on the density functional theory
(DFT) were used to qualitatively explain the effects of the change in
double-layer thickness on the HER kinetics under different
hydrostatic pressures. Based on the DFT, the hydrogen adsorption
and diffusion in metals were simulated in several studies [23–27].
Here, a minimum energy path of hydrogen diffusion into the Fe
subsurface was obtained using the well-known climbing nudged
elastic-band (CNEB) calculation method [28]. Then, using the
Debye model [29], we calculated the Gibbs free energy of each
structure in the hydrogen diffusion path, which diffused from the
surface adsorption into the (100) Fe subsurface, as obtained by the
CNEB. This energy path enables us to relate the energy barrier for
hydrogen diffusion into the Fe subsurface and the position for HER.
Finally, the hydrostatic pressure effect on the hydrogen diffusion
into Fe can be qualitatively described.

This paper analyzes the effects of the hydrostatic pressure on
the kinetics of HER and electrode/electrolyte interface based on the
electrochemical hydrogen permeation and electrochemical im-
pedance spectroscopy. In addition, the DFT and the Debye models
calculations are used to qualitatively explain the pressure effect on
hydrogen diffusion into the Fe subsurface.

2. Materials and methods

2.1. Tested materials

Armco iron was used in this work with the following
composition in wt%: 0.025 C; 0.006 Mn; 0.01 Mo; 0.001 Si. The
permeation and potentiodynamic polarization test samples had a
circular shape with 1.2 cm radius and were exposed to the solution.
To avoid the edge effects and ensure one-dimensional diffusion,
the samples were 0.5 � 0.01 mm thick. Both sides of the samples
were polished and coated with 100 nm of nickel using sputter
deposition in an ultra-high vacuum. Sputter deposition was
conducted in a thin-film sputtering system (LAD18, KJLC). The
samples for EIS tests had a circular shape with 1.2 cm radius and
1 �0.01 mm thickness and were polished on both sides.

2.2. High-pressure electrochemical investigation methods

The double-cell electrochemical equipment, which consists of
two compartment autoclaves and a hydraulic system, was used to



Fig. 1. Potentiodynamic polarization curves for different hydrostatic pressures in
0.2 mol/L NaOH + 0.22 g/L thiourea solution at 25 �C.
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perform the hydrogen permeation experiments under various
hydrostatic pressures. A three-electrode system was used in each
autoclave. A piece of platinum foil with a size of 10 mm � 30 mm
was used as the counter electrode, and an Ag/AgCl electrode (SSE)
saturated with KCl was used as the reference electrode (+0.197 V vs.
the standard hydrogen electrode). Details of the equipment are
provided in previous work [9]. Hydrostatic pressures of 0.1, 10, 20
and 30 MPa were applied in two cells. All tests were performed at
25 �C.

Potentiodynamic polarization tests were performed before the
hydrogen permeation experiment on the same sample. To protect
the sample surface, the potential of the samples was swept at a rate
Fig. 2. Permeation curves for different Eapplied and hydrostatic pressures in 0.2 mol/L N
charging cell at 25 �C. The hydrostatic pressure was 0.1–30 MPa in (a)-(d). The overpot
of 0.01 V/s from the initial potential of �0.40 V vs. the open circuit
potential (EOCP) to EOCP. The potentiodynamic polarization tests
were conducted with 0.2 mol/L NaOH + 0.22 g/L thiourea. Based on
the Tafel plot, Ecorr at each hydrostatic pressure was obtained.

Hydrogen permeation tests were conducted by applying
constant Eapplied to the samples at the hydrogen charging side.
These potentials were obtained as the sum of preset h with respect
to Ecorr and Ecorr. h ranged from �0.66 V to �0.56 V in 0.02 V
increments. A positive overpotential of +0.3 V was applied to the
sample in the hydrogen oxidation cell. The hydrogen atoms that
diffused to the surface of the hydrogen exit side were oxidized;
thus, the hydrogen current was obtained. Since the traps in the
metal significantly affect the hydrogen diffusivity [30–34], the first
hydrogen permeation experiment was performed under atmo-
spheric pressure to fill the hydrogen traps. To release the diffusible
hydrogen atoms, all charged specimens were exposed to air for
48 hours. Finally, permeation tests were performed under different
hydrostatic pressures with 0.2 mol/L NaOH in the oxidation cell
and 0.2 mol/L NaOH+0.22 g/L thiourea in the hydrogen charging
cell.

The EIS analysis was performed with a bias of 0.01 V at
frequencies of 100 kHz � 10 mHz at different hydrostatic pressures.
The applied potentials were the sum of preset h and Ecorr.
h = �0.66 V was applied in the EIS experiments under different
hydrostatic pressures. After the current reached a steady state, EIS
measurements were performed in 0.2 mol/L NaOH.

2.3. First-principles calculation methods

The first-principles calculations were based on the density
functional theory using the Vienna Ab-Initio Simulation Package
(VASP) [35,36]. All calculations were performed in the polarized
spin. The k-points and cutoff energy of the super-cell were tested. A
kinetic cutoff energy of 350 eV was used throughout the
convergence tests. The perfect structure of a-Fe with the (100)
aOH in the oxidation cell and 0.2 mol/L NaOH + 0.22 g/L thiourea in the hydrogen
entials h with respect to Ecorr are in the brackets.



Fig. 3. Dependence of the steady-state current density, on the hydrostatic pressure
and Eapplied in 0.2 mol/L NaOH in the oxidation cell and 0.2 mol/L NaOH + 0.22 g/L
thiourea in the hydrogen charging cell at 25 �C.
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surface was used in this paper to study the transition state of
hydrogen across the surface to the tetrahedral sites of the
subsurface [37], since they are more common and representative.
In the calculations, 2.832 Å was used as the lattice parameter for
bcc Fe. To simulate the diffusion of a single hydrogen atom in the
studied structure, a 3 � 3 � 3 super-cell with the (100) surface and
k-points sampling of 3 � 3 �1 were used. To calculate the fractional
occupancies, the Brillouin zone sampling was conducted using
Fig. 4. (a) Impedance spectra in the complex plane for HER on Armco iron in 0.2 mol/L N
pressures of 0.1–30 MPa, (the overpotential h with respect to Ecorr was �0.66 V); (b)-(c) Bo
the experimental data, and the solid lines fit the experimental data with the model in
Monkhorst-Pack scheme [38]. The energy relaxation was contin-
ued until the force on each iron atom was below 10�4 eV/Å. The
adsorption energies of H on Fe (100), which included the one-top
sites, two-fold bridge sites and four-fold hollow sites, were
calculated, and the four-fold hollow sites had the lowest
adsorption energy. The dissolution energies of H in tetrahedral
and octahedral sites were obtained, where the dissolution energy
in the tetrahedral site is lower than that in the octahedral site for
both bcc Fe and subsurface Fe (100). Using the climbing nudged
elastic-band (CNEB) tool in the VASP code, the transition state and
minimum energy paths between known initial and final positions
were obtained [28]. Then, based on the hydrogen diffusion path
from the surface adsorption into the Fe (100) subsurface obtained
by CNEB, we calculated the Gibbs free energy of each structure at
300 K using the Debye model [29]. Before the Debye model
calculations, we calculated the Poisson’s ratio in the DFT using the
VASP simulations, and found that the Poisson’s ratio of bulk Fe was
0.3. The diffusion barrier of Eq. (5) is the energy difference between
the transition state and the initial state.

3. Results

3.1. Effect of the hydrostatic pressure on Ecorr

Potentiodynamic polarization curves were measured on the
entry side of each sample under different hydrostatic pressures, as
shown in Fig.1. Ecorr increases with the hydrostatic pressure. Zhang
claimed that Ecorr of 316 L stainless steel in 3.5% NaCl also increased
with the hydrostatic pressure [39]. Sarkar introduced a model
based on the Butler–Volmer equation, and the numerical analysis
results showed that compressive stress decreased the anodic
reaction rate and increased the cathodic reaction rate [40].
aOH solution at 25 �C; the applied Eapplied was �1.06, �1.03, �0.97, and �0.88 VSSE at
de plots for the Armco iron; (d) AHEC equivalent circuit. In (a)-(c), the points denote

 (d).



Table 1
Parameters of the AHEC for HER at Armco iron in 0.2 mol/L NaOH solution under
different hydrostatic pressure at 25 �C.

Pressure, MPa R1, V cm2 R2, V cm2 C1, mFcm�2 C2, mFcm�2 x1, Å

0.1 90.25 282.81 37.13 871.31 0.91
10 60.12 239.72 54.31 828.92 0.62
20 55.96 228.71 55.66 795.67 0.60
30 53.59 225.84 55.68 766.33 0.60
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The relationship between h and the current in the Tafel linear
area is:

h ¼ � 2:3RT
1 � að ÞFlogj

0 þ 2:3RT
aF

logjc ð12Þ

Here, jc is the cathodic current density; j0 is the exchange current
density; a is the transfer coefficient. According to Eq. (12) and
Fig. 1, transfer coefficient a is 0.28, 0.32, 0.31, and 0.29 for 0.1–
30 MPa, which is independent of the hydrostatic pressure in this
experiment. Thus, the mean value of a is 0.3. Ecorr is �0.40, �0.37,
�0.31, �0.22 VSSE under the pressure of 0.1–30 MPa, respectively.

3.2. Hydrogen permeation tests under different hydrostatic pressures

Since Ecorr increases with the hydrostatic pressure, as shown in
Fig. 1, a constant Eapplied (sum of Ecorr and preset h) was applied to
the hydrogen entry side of the samples to remove the effects of
Ecorr. Thus, the hydrostatic pressure effect on the hydrogen
permeation was observed.

Fig. 2 presents the hydrogen permeation curves under different
hydrostatic pressures. A series of permeation curves were obtained
for the same sample under identical hydrostatic pressures and
different Eapplied. The overpotential h with respect to Ecorr is shown
in the brackets in the legend of Fig. 2. Fig. 3 summarizes the data of
the steady-state current density i1 under different hydrostatic
pressures and Eapplied in Fig. 2. i1 continues to increase with the
hydrostatic pressure, even if there is no effect of the change in Ecorr.

3.3. EIS analysis

EIS data were recorded at Eapplied of �1.06, �1.03, �0.97, and
�0.88 VSSE (cathodic overptential of �0.66 V) at the pressures of
0.1, 10, 20, and 30 MPa, as shown in Fig. 4. Fig. 4(a) shows the EIS
data for the complex plane, whereas Fig. 4(b) and (c) show the
Bode diagrams. Fig. 4(d) shows the Armstrong and Henderson
equivalent circuit (AHEC) [41]. The structure of AHEC for HER on
Fig. 5. Minimum energy path for hydrogen diffusion into the Fe subsurface region: (a) D
free energy of the system from the Debye model.
the electrode was sufficiently mentioned by Harrington and
Conway [42]. In Fig. 4(d), Rs is the resistance of the electrolyte; R1 is
the charge transfer resistance; C1 is the double-layer capacitance;
R2 is the superficial Had diffusion resistance; C2 is the pseudo-
capacitance, which is related to the hydrogen diffusion in the bulk
metal and HER, based on the Yang’s model [43,44]. The Faradaic
impedance, Zf, in the AHEC is:

Zf ¼ R1 þ R2

1 þ jvtp
ð13Þ

Here, v is the frequency, and tp = R2C2 is the time constant, which is
related to the relaxation rate when the potential changes. The
parameters obtained by fitting the results with the AHEC are
shown in Table 1. The decrease in R1 with the hydrostatic pressure
demonstrates that the Armco iron electrode has higher charge
transport efficiency and increased kinetics of Eq. (1) [45], which
indicates that more hydrogen atoms are adsorbed.

3.4. First-principles calculation results

The transition state is represented by hydrogen atom diffusion
from the initial position outside the Fe lattice to the tetrahedral site
immediately beneath the surface, which was simulated by CNEB.
Finally, five positions on the path of hydrogen atom diffusion into
the Fe subsurface were selected, and the energy of the system at
these positions was calculated with the DFT, as shown in Fig. 5a.
Based on the DFT calculation results, the Gibbs free energy of the
system was obtained using the Debye model [29], as shown in
Fig. 5b. The charge density difference for the five positions on the
path of hydrogen atom diffusion is shown in Fig. 6.

4. Discussion

4.1. Change of kinetic parameters of HER vs. hydrostatic pressure

Using the generalized IPZ model, the kinetic parameters of the
HER can be obtained. Fig. 7 shows the relationship between the

charging function
ffiffiffiffi
ir

p
=i1icexp Fah=RTð Þ and i1. The figure shows

four straight lines under different hydrostatic pressures with
negative slopes and positive intercept according to Eq. (7). Fig. 8

shows a linear relationship between ln
ffiffiffiffi
ir

p
=i1

� �
and i1, according

to Eq. (8). The linear relationships in Figs. 7 and 8 indicate that HER
is tenable only with a coupled discharge-recombination mecha-
nism in the selected potential region [12].

In Eqs. (1) and (2), rate constants k1 and k2 are the kinetic
diffusion constants. The exchange current density, io, hydrogen
FT calculation results and several intermediate structures along the path; (b) Gibbs



Fig. 6. Charge density difference of the hydrogen atom. (a)-(e) Diffusion of the hydrogen atom from the surface to the tetrahedral site of the subsurface. Each figure
corresponds to the marked hydrogen atom position in Fig. 5.
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surface coverage u at the hydrogen entry side, and dimensionless
factor, f, were calculated from the data in Figs. 7 and 8 using the
generalized IPZ model. The results are summarized in Table 2.
According to Table 2, the rate constant k1 of Eq. (1) increases with
the hydrostatic pressure, which indicates that the pressure allows
easier adsorption of the ionized hydrogen atoms from H2O on the
sample surface in Eq. (1). Iyer and Pickering demonstrated that the
hydrogen charging current density could be written as [14]:

ic ¼ Fko1exp �aEeqF
RT

� �
aH2Oexp �ahF

RT

� �
1 � uHð Þ ð14Þ

where k1 is represented by:

k1 ¼ ko1exp �aEeqF
RT

� �
ð15Þ

Thus, k1 is related to the equilibrium potential, Eeq, of the hydrogen
evolution reaction, and Eeq is the equilibrium potential of the
overall reactions in Eqs. (1)–(3). According to the Nernst equation,
Fig. 7. Relationship between
ffiffiffiffi
ir

p
=i1icexp Fah=RTð Þ and the steady-state hydro-

gen permeation current density, i1. The points are the experimental data, and
the solid lines fit the experimental data with Eq. (7).
Eeq is written as:

Eeq ¼ E0 þ RT
2F

ln
1

a2OH�PH2

ð16Þ

Since the hydrogen solubility increases with the hydrostatic
pressure, hydrogen produced in Eq. (2) dissolves in the solution
and gathers at the hydrogen entry side of the sample. PH2 increases
with the hydrostatic pressure, whereas Eeq decreases with
increasing PH2 , and k1 increases with Eeq.

The rate constant k2 of Eq. (2) decreases with the hydrostatic
pressure. The hydrogen solution increases and restrains adsorbed
hydrogen atoms from recombining into hydrogen molecules, and
k2 decreases with the hydrostatic pressure. Based on Eq. (9), k is
composed of kabs, kdes, D, and L. kdes is measured to be 1–
3 � 10�2 cm s�1 in solutions of pH 13 using high-purity iron
samples with 50–900 mm thickness [46]. The hydrogen diffusivity
in fully annealed and commercially pure iron at 298 K is 4 �10�5

cm�2 s�1, as provided by Zhang [8]. When D and L remain constant,
Fig. 8. Relationship between ln
ffiffiffiffi
ir

p
=i1

� �
and the steady-state hydrogen

permeation current density, i1. The points denote the experimental data,
and the solid lines fit the experimental data with Eq. (8).



Table 2
Values of different constants obtained by applying the generalized IPZ analyses to
measured steady-state permeation data under different hydrostatic pressure in
0.2 mol/L NaOH in the oxidation cell and 0.2 mol/L NaOH + 0.22 g/L thiourea in the
hydrogen charging cell solution at 25 �C.

Pressure k, 10�11mol cm�2 s�1 k1, 10�3 cm s�1 k2, 10�9mol cm�2 s�1

0.1 MPa 0.79 7.32 8.09
10 MPa 0.89 8.21 3.91
20 MPa 1.32 8.58 3.01
30 MPa 1.72 9.65 1.56
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increasing k increases kabs/kdes. Thus, Eq. (4) moves to the right
when the hydrostatic pressure increases. Hydrogen coverage u at
the sample surface is shown in Fig. 9 and increases with the
hydrostatic pressure.

As emphasized in previous studies, the hydrogen surface
concentration increases with the hydrostatic pressure during
galvanostatic hydrogen charging, which is represented by the u
value without the effect of the change in Ecorr. Thus, the hydrostatic
pressure increases the hydrogen surface coverage in two main
manners. First, the hydrostatic pressure increases Ecorr. Thus, the
absolute value of the overpotential h increases at the identical
Eapplied under a relatively higher hydrostatic pressure. According to
Eq. (14) from Iyer and Pickering [14], the hydrogen charging
current density, ic, increases with the absolute value of h, which
increases the value of u and subsurface hydrogen concentration.
Second, the hydrostatic pressure induces the adsorption of
hydrogen atoms, which are ionized from H2O, on the sample
surface. However, the hydrostatic pressure increases the solubility
of hydrogen molecules and restrains the adsorbed hydrogen atoms
from recombining into hydrogen molecules.

4.2. Hydrostatic pressure effect on the double-layer capacitance

The double-layer capacitance, C1, increases with the hydrostatic
pressure, as shown in Table 1. The double-layer capacitance in HER
was not fully discussed in the EIS analysis of earlier work, where
most researchers considered it with respect to the sample surface
roughness [19,21]. Bockris et al. introduced the double-layer
capacitance model to describe the electrolyte/solid interface,
which is known as the Bockris-Davanathan-Muller (BDM) model
[47]. The BDM model was widely used to describe the fixed layer of
Fig. 9. Relationship among the hydrogen coverage, u, hydrostatic pressure and
Eapplied in 0.2 mol/L NaOH + 0.22 g/L thiourea solution at 25 �C.
the double-layer capacitance. Considering the electrolyte concen-
tration and Eapplied in the experiment, one can reasonably assume
that the hydrostatic pressure mainly affects the fixed layer, but not
the diffuse layer. Thus, C1 can be described by Eq. (17) according to
the BDM model:

1
C1

¼ x1
e0eH2O

þ x2
e0eþ

ð17Þ

Here, x1 is the thickness of the water molecule dipole layer; x2 is the
distance between the water molecule dipole layer and the outer
Helmholtz plane (OHP); e0 is the permittivity of vacuum; eH2Ois the
permittivity of water; e+is the permittivity of the electrolyte
between the water molecule dipole layer and the OHP. Since
normally eH2O � eþ, Eq. (17) can be simplified as:

1
C1

¼ x1
e0eH2O

ð18Þ

Dunn et al. have claimed that eH2O increases with the hydrostatic
pressure at 25 �C [48]. eH2Oincreases from 78.3 to 80.1 in the 0.1–
50 MPa pressure range. However, Teschke showed that eH2O

dramatically increased from 3.8 to 79 at 40 nm from the electrode
surface to the electrolyte bulk [49]. eH2Ocan be considered
dependent on the distance from the electrode surface, but not
on the hydrostatic pressure. It can be 3.8 in the water molecule
dipole layer. Combined with Eq. (18), x1 can be obtained, and the
results in Table 1 show that x1 decreases with the hydrostatic
pressure. Thus, the ionized hydrogen atoms remain closer to the
electrode surface.

The pressure effect on C1 is not a linear relationship, which
implies that the minimum thickness limit of approximately 0.6 Å
for the double-layer capacitance was obtained under 20 MPa
pressure. This result agrees with the Shapovalov’s research results
[21]. The effect of the double-layer structure changes with the
initial position of adsorbed hydrogen atoms, as schematically
shown in Fig. 10.

The hydrostatic pressure decreases the thickness of the water
molecule dipole layer, which makes hydrogen atoms ionized from
water near the surface of the Fe lattice. As shown in Fig. 5b, the
Fig. 10. Effect of the structure change of the double-layer capacitance on the initial
position of adsorbed hydrogen atoms at different hydrostatic pressures.
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Gibbs free energy of the barrier hydrogen atoms that have diffused
from the surface to the subsurface is DG1 under atmospheric
pressure, whereas the energy barrier decreases to DG2 when the
hydrogen atoms approache the surface under relatively high
pressures. Thus, hydrogen atoms must overcome a relatively small
energy barrier at higher hydrostatic pressures. According to the
Arrhenius equation, kabs and kdes can be written as:

kabs ¼ Aexp �DGabs

RT

� �
ð19Þ

kdes ¼ Aexp �DGdes

RT

� �
ð20Þ

Here, A and B are the pre-exponential factors; R and T have their
usual meanings; DGabs and DGdes are the forward and reverse
reaction energy barriers in Eq. (4), respectively. Thus, kabs increases
with the decrease in DGabs from DG1 to DG2, when the hydrogen
atoms approach the surface at relatively high pressures. However,
kdes remains constant at different hydrostatic pressures. Based on
Eq. (12), k increases with hydrostatic pressure, which is a physical
explanation for the increase in kinetic parameter k with
hydrostatic pressure in Table 2.

5. Conclusions

The hydrostatic pressure increased the hydrogen surface
coverage in several manners. First, the hydrostatic pressure
increased Ecorr. Second, the hydrostatic pressure made hydrogen
atoms more easily ionized from H2O and subsequently adsorbed on
the sample surface. Thus, hydrogen coverage u at the sample
surface increased with hydrostatic pressure. Third, the hydrostatic
pressure increased the solubility of hydrogen molecules and
restrained the adsorbed hydrogen atoms from recombining into
hydrogen molecules.

The EIS results also showed that under relatively high pressures,
the OHP was positioned closer to the sample surface, which
implied that the adsorbed hydrogen atoms were closer to the
sample surface. Based on the DFT and the Debye models calculation
results, the closer position induced easier hydrogen atom diffusion
from the surface to the tetrahedral sites of the subsurface.
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