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A B S T R A C T

A new electrochemical impedance spectroscopy (EIS) model, which considers both the Tafel
recombination and the Heyrovsky reaction under permeable boundary conditions, was developed to
characterize the kinetic parameters of the hydrogen evolution reaction (HER) under hydrostatic pressure.
The effect of the hydrostatic pressure on the kinetic parameters of the HER and the permeation of A514
steel in alkaline solution were measured using potentiodynamic polarization, the Devanathan cell
hydrogen permeation, and EIS. The hydrostatic pressure accelerates the Volmer reaction and inhibits the
Tafel recombination, which increases the number of adsorbed hydrogen atoms. On the other hand, the
pressure accelerates the Heyrovsky reaction, which decreases the amount of adsorbed hydrogen atoms.
At 10 to 40 MPa hydrostatic pressure within the �1.0 to �1.1 VSSE cathodic potential region, the HER is
controlled by hydrogen partial pressure, and hydrogen adsorption is the Langmuir type. Within the �1.2
to �1.3 VSSE cathodic potential region, the HER is controlled by the potential, and hydrogen adsorption
gradually transfers from the Langmuir type to the Temkin type with increasing hydrostatic pressure.

© 2017 Published by Elsevier Ltd.
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1. Introduction

The criteria for the cathodic protection of structural steel under
deep sea water have been widely discussed in recent decades [1–
4]. These factors have been studied because hydrostatic pressure is
one of the environmental factors in deep sea water that changes
the behavior of the hydrogen evolution reaction (HER) and
hydrogen permeation in metal, which can induce severe hydro-
gen-induced cracking (HIC) of metallic materials and structures
[5,6]. Olsen and Hesjevik proved that hydrostatic pressure could
significantly increase hydrogen concentration in super martensitic
stainless and duplex stainless steels when immersed in 3.5% NaCl
electrolyte with aluminum anodes, which reveals that HIC occurs
more easily in deep sea environment [7]. This stimulates the study
of the pressure effect on HER and permeation in metals.

By using the Devanathan cell hydrogen permeation [8], Nanis
and DeLuccia [9], Woodward and Procter [10] claimed that the
steady-state current density increases with hydrostatic pressure,
while Blundy and Shreir [11], Smirnova and Johnsen [12] indicated
that the steady-state current density was independent of the
* Corresponding author.
E-mail address: yjsu@ustb.edu.cn (Y.J. Su).

http://dx.doi.org/10.1016/j.electacta.2017.06.063
0013-4686/© 2017 Published by Elsevier Ltd.
hydrostatic pressure when stirring electrolyte in a hydrogen
charging cell during permeation. These results indicate that the
surface effects, including the HER, dominate the pressure effect on
hydrogen interaction with metal. Our previous work considered
the surface effect on the hydrogen entry side. Based on the surface
effect model [13], it was found that hydrogen concentration on the
subsurface of the A514 steel membrane increased with hydrostatic
pressure [14]. However, the effects of the hydrostatic pressure on
kinetic parameters of the HER still remain unclear, which is the key
factor that should be considered in the cathodic protection criteria
under deep sea water.

The process of the HER of iron or steel in alkaline solution,
which is believed to be an indirect model, is shown by the
following steps [15–17].

H2O þ M þ e� @
k1
ka
MHads þ OH� ð1Þ

Reaction (1) is the Volmer reaction, where M is the electrode, e.g.
iron or steel and MHads is the adsorbed hydrogen atom on the
surface of the electrode. The second step is known as the
Heyrovsky reaction:

MHads þ H2O þ e� k2 H2 þ OH� þ M ð2Þ
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The Heyrovsky reaction is coupled with the Tafel recombina-
tion:

MHads þ MHads
k3 H2 þ 2M ð3Þ

A part of the adsorbed hydrogen atoms diffuse into the
subsurface just below the electrode surface and become absorbed
hydrogen atoms:

MHads þ Msubsurf ace @
k4
k�4

Msurf ace þ MHabsðsubsurf aceÞ ð4Þ

The next step is the bulk diffusion of the absorbed hydrogen
atoms:

MHabsðsubsurf aceÞ dif f usionMHabsðbulkÞ ð5Þ
On the other hand, the direct hydrogen entry model claimed

that hydrogen atoms diffuse into bulk metal without the adsorbed
state [18,19]. The direct model is suitable for metals in the acidic
solutions, or metals with weak hydrogen evolution and strong
hydrogen absorption reaction [19].

An approach to measure kinetic parameters of the HER based on
the analysis of electrochemical impedance spectra (EIS) in the
double Devanathan cell has been mentioned by a few researchers
[20–22]. The theoretical analysis of EIS on the HER for both direct
and indirect models was carried out by Lim and Pyun, who
considered palladium [20,23]. However, these models have only
considered metals with strong hydrogen absorption reaction. Thus,
reaction (2) has been ignored in their simplified mathematical
model. For the iron/hydrogen system, especially in alkaline
solutions, both the Tafel recombination and the Heyrovsky
reaction should be considered [24]. Even though numerous studies
have been performed [21,22,25], many problems remain to be
solved. Additionally, few research studies have been performed by
using impedance measurements due to the complexity of the
mathematical description of the EIS model. However, EIS is a useful
method to distinguish each process contained in the multi-step
reaction.

In this work, the abnormal phenomenon of potentiodynamic
polarization in the �0.8 to �1.1 VSSE potential region and 10 to
40 MPa pressure region is reported, i.e., the current density
decreases with decreasing cathodic potential (decreasing cathodic
potential means that the potential is more negative). Potentiostatic
hydrogen permeation and EIS analysis on the hydrogen entry side
under steady boundary conditions at different hydrostatic pressure
were performed. A new EIS model, which considered both the Tafel
recombination and the Heyrovsky reaction under permeation
boundary conditions was developed to extract kinetic parameters
of the HER from the EIS experimental data. Potentiodynamic
polarization and hydrogen permeation results combined with the
EIS analysis at various pressures were discussed with the aim of
demonstrating hydrostatic pressure effects on kinetic parameters
of the HER.

2. Experimental

2.1. Test material

A514 offshore structural steel is adopted in this research. The
material composition is as follows (wt.%): 0.2C, 0.78 Mn, 0.49 Cr,
0.20 Mo, 0.049 V, 0.0006 B, 0.008 P, 0.006 S, and 0.02 Ti. The
hydrogen permeation samples are circular with 1.2 cm diameter
and 0.5 mm thicknesses within a measurement error of 0.01 mm.
Thus, the edge effects are minimized to assure the applicability of
the one-dimensional model. Both sides of the specimens were
polished with 360 and 1500 grit sandpaper followed by polishing
cloth using automatic polishing machine. One side of each
specimen was coated with 100 nm of nickel using a thin film
sputtering system (LAD18, KJLC).

2.2. Test equipment

The hydrostatic pressure equipment consists of a two
compartment autoclave integrated with a hydraulic system and
a temperature control system, as shown in previous work [14].
Temperature in the autoclaves can be controlled in the 0–40 �C
range. The electrolyte in the autoclaves can be pressurized to a
maximum hydrostatic pressure of 56 MPa with a solution supplied
from an external tank.

2.3. Electrochemical characterization

Potentiodynamic polarization tests, along with hydrogen
permeation and EIS measurements were conducted using the
hydrostatic pressure equipment with a three electrode system.
Platinum foil with 10 mm � 30 mm size was used as the counter
electrode and the Ag/AgCl electrode (SSE) saturated with KCl was
used as the reference electrode (0.65 V vs RHE). The test pressure
ranged from 0.1 to 40 MPa (equivalent to the hydrostatic pressure
at 4000 m depth in the ocean). In addition, the electrochemical
experiments were performed in 0.2 mol/L NaOH solution in both
cells.

Constant cathodic potential varied from �1.0 to �1.3 VSSE was
applied to the specimens in the hydrogen charging cell during
hydrogen permeation test. Hydrogen atoms were produced and
adsorbed onto the specimen surfaces, some of which became
absorbed and diffused into the material. In the other cell (oxidation
cell), a positive +300 mVSSE overvoltage was applied to the opposite
surface of the specimen. Hydrogen reaching the surface via
diffusion through the specimen was immediately oxidized, and
hydrogen current was measured.

Traps significantly affect hydrogen diffusivity in metals [26–28].
In particular, Kim et al. noted that the trap density during the first
permeation was twice higher than during the second permeation
[29]. To assure the reliability and repeatability of the experiment,
hydrogen charging was carried out first to fill the traps under
atmospheric pressure, and then, all of the charged specimens were
exposed to air for 48 hours to completely release diffusible
hydrogen atoms from the lattice. The hydrogen permeation
experiments were then performed under different hydrostatic
pressure.

EIS measurements were performed on the hydrogen entry side
after hydrogen permeation attained steady state using the Gamry
Interface 1000 tool. An AC signal with an amplitude of 10 mV was
applied at a DC potential varied from �1.0 to �1.3 VSSE. The
frequency was varied from 0.01 to 105Hz. After the open circuit
potential stabilized, the potentiodynamic polarization test was
performed with the potential ranged from �0.1 to �1.3 VSSE at a
scanning rate of 0.33 mV/s. All electrochemical experiments were
carried out at 25 �C.

3. Theory

Based on the second Fick’s law, hydrogen flux, Jx = 0, under
sinusoidal oscillating voltage boundary conditions was reported by
Lim and Pyun [23].

Jx¼0 ¼ D
l
C0 þ

ffiffiffiffiffiffiffiffiffi
jvD

p
coth

ffiffiffiffiffiffi
jv
D

r
l

  !
C�
0 expðjvtÞ ð6Þ

Where D is the intrinsic diffusivity of hydrogen in bulk metal, l is
the specimens’ thickness, C0 is the hydrogen concentration on the
entry side at steady state, ~C0 is the perturbation of the hydrogen
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concentration on the entry side of the specimens, v is the angular
frequency, j is a complex number, and t is time. The subscript x = 0
means the hydrogen entry side of the membrane.

Lim’s model considered the process where hydrogen atoms
passed through the surface to the subsurface of the specimens. This
process is shown as reactions (1), (3), (4) and (5). This model is
mainly focused on HER of Pd. The fast discharge and slow
recombination mechanism, proposed by many authors [30,31], has
dominated the HER on Pd. Therefore, the Heyrovsky reaction (2)
was not considered in these models. However, during hydrogen
evolution from iron in alkaline solution [24], the Heyrowsky
reaction is significant and can’t be ignored.

Taking the Heyrovsky reaction into account, the part of the
Faradaic admittance at steady state involving the HER and the
hydrogen adsorption reaction (HAR) can be derived as follows:

�if
F
¼ v1 þ v2 ð7Þ

and

Gmax
du
dt

¼ v1 � v2 � 2v3 � Jx¼0 ð8Þ

Where F is the Faraday constant, if is the Faradaic current, u is the
Hads surface coverage, Gmax is the saturation value of the surface
hydrogen concentration, and vi (i = 1, 2, 3) is the reaction rate of
reactions (1) to (3).

The effect of the potential oscillation on the reactions (1)–(4)
can be represented by the Taylor series expansion. Under the
reaction constraints and neglecting the second and higher
responses, the reaction rates from the reactions (1)–(4) are given
as

v1 ¼ vss1 þ @v1
@E

� �
E�expðjvÞ þ @v2

@u

� �
u�expðjvÞ ð9Þ

v2 ¼ vss2 þ @v2
@E

� �
E
�
expðjvÞ þ @v2

@u

� �
u
�
expðjvÞ ð10Þ

v3 ¼ vss3 þ @v3
@u

� �
u�expðjvÞ ð11Þ

v4 ¼ vss4 þ @v4
@u

� �
u�expðjvÞ þ @v4

@Cs

� �
C0

�
expðjvÞ ð12Þ

Where vssi is the steady state reaction rate of the reaction (i), and v4
is the reaction rate of the reaction (4). Assuming that hydrogen
surface coverage is small, the rate of the reaction (4) is mentioned
by many investigations as in [23,24]:

v4 ¼ k4u � k�4C0 ð13Þ
Where k4 and k�4 are the kinetic parameters of the forward and
reverse reaction (4). Substituting Eqs. (6) and (9) into Eqs. (12),(7)
and (8), the alternating current part can be written as

�if
�

F
¼ @v1

@E

� �
E� þ @v1

@u

� �
u� þ @v2

@E

� �
E� þ @v2

@u

� �
u� ð14Þ

jvGmaxu� ¼ @v1
@E

� �
E� þ @v1

@u

� �
u� � @v2

@E

� �
E� � @v2

@u

� �
u�

� 2
@v3
@u

� �
u� �

ffiffiffiffiffiffiffiffiffi
jvD

p
coth

ffiffiffiffiffiffi
jv
D

r
L

  !
~C0 ð15Þ
Based on the AC conditions, one obtains

Jx¼0 ¼ v4 ð16Þ
Thus, by substituting Eqs. (6) and (12) into Eq. (16), one obtains

~C0

u�
¼

@v4
@u

� �
� @v4

@Cs

� �
þ

ffiffiffiffiffiffiffiffiffi
jvD

p
coth

ffiffiffiffi
jv
D

q
L

� �
~C0

ð17Þ

Combining Eqs. (14), (15) and (17), the Faradaic admittance Yf is
determined as

Yf ¼
if
�

E�

¼ �F
@v1
@E

� �
þ @v2

@E

� �� �

� F
@v1
@E

� �
� @v2

@E

� �h i
@v1
@u

� �
þ @v2

@u

� �h i
jvGmax � @v1

@u

� �
� @v2

@u

� �h i
þ 2 @v3

@u

� �
þ

@v4
@u

	 

1�

@v4
@C0

� �
ffiffiffiffiffi
jvD

p
coth

ffiffiffi
jv
D

p
L

	 

ð18Þ

Many researches reported that only a small fraction of the
adsorbed hydrogen may diffuse into the metal lattice in the case of
iron and steel [21,32]. Thus, reactions (4) and (5) can be reasonably
ignored. The Faradaic admittance can be simplified as

Yf ¼
if
�

E�

¼ �F
@v1
@E

� �
þ @v2

@E

� �� �

� F
@v1
@E

� �
� @v2

@E

� �h i
@v1
@u

� �
þ @v2

@u

� �h i
jvGmax � @v1

@u

� �
� @v2

@u

� �h i
þ 2 @v3

@u

� � ð19Þ

This model can reveal the HER, including both the Tafel
recombination and the Heyrovsky reactions. The simplified model
is similar to the Bai’s model [15]:

1
Rct

¼ �F
@v1
@E

� �
þ @v2

@E

� �� �
ð20Þ

1
R0

¼ � F
Gmax

@v1
@E

� �
� @v2

@E

� �� �
@v1
@G

� �
þ @v2

@G

� �� �
t ð21Þ

1
t
¼ 1
Gmax

2
@v3
@G

� �
� @v1

@G

� �
� @v2

@G

� �� �� �
ð22Þ

Cad ¼ �R0

R2
ct

t ð23Þ

Rev ¼ �R0

R2
ct

� 1
Rct

  !�1

ð24Þ

Eq. (19), which represents the Faradaic admittance, is expressed
as the impedance equation and the electrical equivalent circuit, as
shown in Eq. (25) and Fig. 1. Here, Rs is the resistance of the
electrolyte, Rct is the charging transfer resistance, Cdl is the double
layer capacitance, Cad is the pseudo-capacitance, Rev is related to
the HER, and R0 and t are the additional resistance at zero
frequency and the relaxation time, respectively. These variables are
defined based on the Armstrong’s theory and used to represent the



Table 1
Fitting results from potentiodynamic polarization curves.

Pressure MPa Eeq VSSE j0 10�7 A cm�2 bc V dec�1 a

0.1 �0.329 1.34 0.134 0.438
10 �0.243 1.64 0.127 0.465
20 �0.220 1.93 0.116 0.511
30 �0.211 2.40 0.119 0.498

Fig. 1. The electrical equivalent circuit of the HER.

1022 X.L. Xiong et al. / Electrochimica Acta 247 (2017) 1019–1029
Faradaic impedance, Zf, in equation (25) [33].

Zf ¼ Rct þ 1
jvCad þ 1

Rev

ð25Þ

4. Results

4.1. Potentiodynamic polarization measurements

The potentiodynamic polarization curves presented in Fig. 2
were measured at different hydrostatic pressures. The equilibrium
potential increases with hydrostatic pressure, which agrees with
other experimental results, where the equilibrium potential of
316L stainless steel in 3.5% NaCl increases with hydrostatic
pressure [34]. Sarkar and Aquino put forward a model based on
the Butler–Volmer equation [35]. The theoretical analysis also
showed that the effect of compressive stress can inhibit the anodic
reaction and increase the cathodic reaction rate [36]. However, it is
quite small compared with the influence of hydrostatic pressure on
HER. Thus, we ignored the effect of the electrode electrochemical
properties change induced by compressive stress (hydrostatic
pressure) on HER, and focused on the effect of hydrostatic pressure
on the HER itself.

The relationship between the cathodic potential and the
current in the Tafel linear area can be described as

hc ¼ � 2:3RT
1�að ÞFlogj

0 þ 2:3RT
aF

logjc ð26Þ

Where hc is the cathodic over potential (hc = E � Eeq,Eeq is the
equilibrium potential, E is the cathodic potential), jc is the cathodic
current density, and a is the transfer coefficient, j� is the exchange
current density. The parameters obtained from Fig. 2 are listed in
Table 1.

As shown in Table 1, both the equilibrium potential and current
increase with the hydrostatic pressure. On the other hand, the Tafel
slope on the cathodic side decreases with hydrostatic pressure.
Based on Eq. (26), the transfer coefficients can be obtained, which
increase with hydrostatic pressure. According to Fig. 2, the
abnormal phenomena appear in the Tafel plot in the pressure
range from 10 to 40 MPa and potential range from �0.8 to �1.1 VSSE.
The absolute value of the cathodic current decreases with
decreasing cathodic potential. This tendency is different from that
of the Tafel plot below 0.1 MPa.
Fig. 2. Potentiodynamic polarization measurements under different hydrostatic pressu
Dashed lines represent the potential region with abnormal phenomena.
4.2. Hydrogen permeation measurements

To illustrate the abnormal phenomena in the Tafel plot under
relatively high pressure, cathodic potentials in the abnormal
potential region (-1.0 and �1.1 VSSE) and below the abnormal
potential region (-1.2 and �1.3 VSSE) were applied on the hydrogen
entry side during the hydrogen permeation tests. The permeation
curves under various hydrostatic pressures and cathodic potentials
at 25 �C are shown in Fig. 3(a)–(d). The connection between the
apparent diffusivity DC, which is obtained using the time lag
method [8], and hydrostatic pressure as well as the steady-state
current density i1 and the hydrostatic pressure are shown in Fig. 4.

As seen in Fig. 4(a), i1 increases with hydrostatic pressure,
which has been proven previously [9–11,37]. By using the single
factor analysis model (SFAM) [38], the analysis of the relation
between the hydrostatic pressure and the apparent diffusivity, DC

was performed. The rejection region, F, was calculated as

F ¼ SA=f A
Se=f e

ð27Þ

Where SA and Se are the quadratic sum of the standard deviations
of the factor A and the error e, respectively. The variables fA and fe
res in 0.2 mol/L NaOH at 25 �C (scan rate: 0.33 mV/s, scan range: �0.1 to �1.3 VSSE).

40 �0.183 3.28 0.115 0.514



Fig. 3. Permeation curves under various hydrostatic pressure and cathodic potential at 25 �C.
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are the degrees of freedom of the factor A and the error e,
respectively.

The data for hydrostatic pressure less than 10 MPa and higher
than 30 MPa are listed in Table 2. All of these data were divided into
two groups. Group I contains the data for DC at �1.0 and �1.1 VSSE,
and group II contains the data of DC at �1.2 and �1.3 VSSE.

As seen in Table 2, the factor A is the hydrostatic pressure. For
group I (relatively high cathodic potential), the error square sum is

Se ¼
X2
i¼1

X4
j¼1

Dij � Di
	 
2 ¼ 0:85, the total declination square sum is

ST ¼
X2
i¼1

X4
j¼1

Dij � D
	 
2 ¼ 0:97, and the declination square sum for

the hydrostatic pressure is SA = ST� Se= 0.12. The degrees of
freedom are fT = 7, fA = 1, and fe= 6. Thus, FI = 0.87 based on
Eq. (27). Similarly, for group II (relatively low cathodic potential),
FII = 4.39, F0.05(1,6) = 5.99 (95%) and F0.01(1,6) = 13.74 (99%). Since FI
and FII are less than F0.05, it has little influence on DC. However,
compared to group I, the effect of the pressure on DC is much more
significant in group II. This phenomenon can be clearly seen in
Fig. 4(b). Under the cathodic potential of �1.0 and �1.1 VSSE, DC is
irregular with the change in the hydrostatic pressure, but it
Table 2
Apparent diffusivity DC for low and high hydrostatic pressure.

Group Pressure range Dij 10�6 cm2 s�1

I �1.0 VSSE

�10 MPa 0.60 1.25 

�30 MPa 1.31 1.28 

II �1.2 VSSE

�10 MPa 2.06 2.16 

�30 MPa 2.75 2.87 
increases slightly with the hydrostatic pressure under �1.2 and
�1.3 VSSE.

4.3. EIS analysis

The EIS analysis was performed at 0.1 to 40 MPa and �1.0 to
�1.2 VSSE. The Nyquist and Bode plots are shown in Fig. 5. The
fitting results, shown as solid lines in Fig. 5, were obtained using
the electric equivalent circuit in Fig. 1. A constant phase angle
element (CPE) is applied to substitute the double layer capacitance.
The CPE can illustrate the non-ideal behavior of the capacitive
elements caused by different physical phenomena. The values of
the fitting results are listed in Table 3.

As shown in Fig. 5, the impendence absolute value of the
experimental system decreases with hydrostatic pressure, and this
tendency is more significant under relatively low cathodic
potentials.

5. Discussion

5.1. Hydrostatic pressure effects on the HER kinetic parameters

Assuming that the rates of reactions (1)–(3) have exponential
dependence on the potential [15,23], the corresponding reaction
D
�
i 10�6 cm2 s�1 D

�
10�6 cm2 s�1

�1.1 VSSE

1.65 1.49 1.25 1.37
1.54 1.85 1.50

�1.3 VSSE

2.88 2.93 2.51 2.83
3.39 3.63 3.16
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rates are:

v1 ¼ k1 1 � uð Þexp �aFh
RT

� �
� k�1uexp

ð1 � aÞFh
RT

� �
ð28Þ

v2 ¼ k2uexp
�aFh
RT

� �
�k�2 1�uð ÞP1=2

H2
ð29Þ

v3 ¼ k3u
2 � k�3 1 � uð Þ2PH2 ð30Þ

Where ki and k-i are the kinetic parameters of the forward and
reverse reaction (i), a is the transfer coefficient, h is the over
potential, and R and T have their usual meanings.

Since Bai proposed that unless k–3> k3, k–2> k2, k-3 and k-2 have
no significant influence on the simulations, the reverse reaction
rate in Eq. (29) and Eq. (30) can be ignored for mathematical
simplicity [15]. By substituting Eq. (28), (29), and (30) into Eqs.
(20), (21), and (22), one can get the relations between kinetic
parameters (k1, k2, k3, k-1) and Rct, R0, t. Here, we defined these
relationships as f Rct

,f R0
, and f t .
Fig. 4. Variations of the steady state current density i1 (a) and the apparent diffusivity D
separates the cathodic potential region in (b).
The value of t, Rct and R0 can be obtained from Eq. (20), (23),
(24) and Table 3. Since the variance of t (s2

t) is much smaller than
Rct and R0, the weighted least-squares method is used in the
calculation. The objective function for minimizing the error
between f Rct

,f R0
,f t and Rct, R0, Rt, which is calculated based on

Table 3, Eq. (23) and (24) is:

f e ¼
1
s2
Rct

f Rct
� Rct

	 
2 þ 1
s2
R0

f R0
� R0

� �2
þ 1
s2
t
f t � Rtð Þ2 ð31Þ

There are constraints for the kinetic parameters in Eq. (31). The
kinetic parameters should fetch values from the (0,1) region. The
kinetic parameters in f Rct

,f R0
,ft should enable fe to achieve the

global minimum under relative constraints.
Since the entry of hydrogen atoms into the bulk metal is very

rare and most of these atoms recombine into hydrogen molecules
via the HER, reactions (4) and (5) can be ignored, and Eq. (8) can be
simplified to Eq. (32) when hydrogen permeation reaches the
steady state:

v1 � v2 � 2v3 ¼ 0 ð32Þ
Combining Eq. (32) with Eq. (28) into Eq. (30), the mathemati-

cal expression for the hydrogen surface coverage u can be written
C (b) as functions of the hydrostatic pressure and cathodic potential, the dashed line



Fig. 5. EIS analysis results under different hydrostatic pressures and cathodic potentials at 25 �C: ((a)–(d) the Nyquist plots, (e)–(h) the Bode plots; (i)–(l) Modulus of
impedance. Points are experimental data, while solid lines are fitting results.

Table 3
Values of the elements from the equivalent circuit in Fig. 1.

Potential VSSE Pressure MPa h
V

Rs
Vcm2

Rct
V cm2

Cdl 10�4 S cm�2 sn n Rev
V cm2

Cad� 10�4 F cm�2

0.1 �0.67 12.17 2010.00 7.72 0.79 1.69�105 2.81
10 �0.76 8.78 1751.10 8.90 0.81 5.31 �104 4.12

�1.0 20 �0.78 9.25 1897.92 11.99 0.82 2.07 � 104 3.41
30 �0.79 8.91 1915.56 11.75 0.80 2.25 �104 1.16
40 �0.82 7.61 1807.45 12.38 0.85 1.49 � 104 3.35
0.1 �0.77 11.86 589.20 3.78 0.79 8.84 �103 0.95
10 �0.86 8.72 449.80 5.28 0.81 7.76 � 103 3.82

�1.1 20 �0.88 9.98 500.99 5.59 0.80 6.20 � 103 2.88
30 �0.89 9.48 526.92 6.02 0.81 4.57 � 103 3.70
40 �0.98 8.63 416.46 8.64 0.83 3.44 �103 3.11
0.1 �0.87 12.14 250.31 1.88 0.79 340.32 0.17
10 �0.96 9.26 210.44 0.33 0.82 279.17 2.81

�1.2 20 �0.98 9.21 200.87 2.61 0.81 90.17 13.21
30 �0.99 9.74 180.45 2.67 0.80 41.37 12.56
40 �1.08 7.25 118.60 6.13 0.86 25.61 11.22
0.1 �0.97 12.17 66.44 1.33 0.79 139.6 0.22
10 �1.06 8.66 48.29 1.63 0.80 103.20 0.32

�1.3 20 �1.08 9.25 50.32 2.12 0.81 15.66 52.14
30 �1.09 8.87 48.06 2.48 0.81 19.87 22.61
40 �1.18 6.91 45.98 7.45 0.81 11.77 18.19
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as:

u ¼ � 1
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ð33Þ
Once the kinetic parameters are obtained, u can be obtained

from Eq. (33). The kinetic parameters and u are listed in Table 4. The
results in Table 4 are also shown in Figs. 6 and 7. As seen in Fig. 6, k1
and k-1 increase with hydrostatic pressure, which means that both
the forward and the reverse Volmer reactions are accelerated with
hydrostatic pressure. Based on Eq. (28), the forward reaction rate of
the Volmer reaction is much faster than the reverse reaction rate in
the applied cathodic potential region. Thus, the reaction rate of the
Volmer reaction increases with hydrostatic pressure, which means
that the amount of adsorbed hydrogen atoms increases with
hydrostatic pressure. On the other hand, k2 increases with
hydrostatic pressure, indicating that the reaction rate of the
Heyrovsky reaction increases with hydrostatic pressure, which
causes the number of adsorbed hydrogen atoms to decrease with
hydrostatic pressure. Fig. 6 also shows that k3 decreases with
hydrostatic pressure, which means that the reaction rate of the
Tafel recombination decreases with hydrostatic pressure, increas-
ing the number of adsorbed hydrogen atoms with hydrostatic
pressure.

Fig. 7 shows that the hydrogen surface coverage decreases as
the cathodic potential decreases at 40 MPa and �1.2 and �1.3 VSSE.
This phenomenon indicates that the hydrostatic pressure increases
the Heyrovsky reaction rate, which dominates the entire process.
Thus, hydrogen surface coverage decreases. On the other hand, at
0.1 MPa, hydrogen surface coverage increases dramatically with
decreasing cathodic potential. However, this tendency is not
significant at relatively high hydrostatic pressure, which indicates
that absorbed hydrogen atoms saturate vacancies on the surface of
the metal more quickly at relatively high pressure as the cathodic
potential decreases.

5.2. Abnormal Tafel plot phenomena under hydrostatic pressure

Electrons take part in reactions (1) and (2), thus, the current of
the Tafel plot under the hydrogen evolution potential in Fig. 2 can
be represented as:

i ¼ �Fðv1 þ v2Þ ð34Þ
Table 4
Kinetic parameters and hydrogen surface coverage at various pressure.

Kinetic parameters

k mol cm�2 s�1 0.1 MPa 10 MPa 

k1�1015 5.89 6.46 

k2� 1018 1.01 1.20 

k3� 1010 4.76 4.39 

k-1�1015 3.24 12.28 

Hydrogen surface coverage

Potential VSSE 0.1 MPa 10 MPa 

�1.0 0.526 0.927 

�1.1 0.801 0.987 

�1.2 0.949 0.998 

�1.3 0.990 0.998 
Combining Eq. (32) with Eq. (34), the current can also be
written as:

i ¼ �2Fðv2 þ v3Þ ð35Þ
It can be seen that the absolute value of i decreases with

decreasing cathodic potential in the 10 to 40 MPa pressure range,
and �0.8 to �1.1 VSSE potential range. As assumed in the section 5.1,
the rates of reactions (1) through (3) have exponential dependence
on the potential, which means that the kinetic parameters k2, k-2, k3
and k-3 are independent of the cathodic potential. By combining
Eqs. (29) and (30) with Eq. (35), one can see that the only factor
decreasing the absolute value of i is hydrogen partial pressure
(PH2 ). Hydrogen partial pressure increases the reaction rates of
reverse reactions (2) and (3). Actually, PH2 on the hydrogen entry
side of the specimens is affected by hydrogen solubility. Hydrogen
solubility in electrolyte increases with hydrostatic pressure [39].
Hydrogen molecules are dissolved in the electrolyte and are
gathered near the entry side of the membrane, which could
increase PH2 and restrain adsorbed hydrogen atoms combining into
H2 molecules through the Tafel reaction (3). Compared with
0.1 MPa, PH2 is larger at relatively high hydrostatic pressure. PH2

also increases as the cathodic potential decreases and reaches a
stable state at a critical point. Based on this assumption, k-2 and k-3
are independent of the cathodic potential. As the cathodic
potential decreases, u becomes stable very quickly under high
pressure based on Fig. 7. Thus, according to Eq. (29) and (30), high
PH2 increases the reaction rates of reverse reactions (2) and (3) at
high pressure as the cathodic potential decreases.

On the other hand, the reaction rates of forward reactions (2)
and (3) increase as the cathodic potential decreases, based on the
calculation result of Eq. (29) and (30).

It can be concluded that at the cathodic potentials of �1.0 and
�1.1 VSSE, the reaction rates of reverse reactions (2) and (3)
dominate, and PH2 increases as the cathodic potential decreases.
The reverse reaction rate increases, and the total reaction rates v2
and v3 decrease, which causes the current to decrease as the
cathodic potential decreases at relatively high pressures, as
indicated by Eq. (35). Under the cathodic potentials of �1.2 and
�1.3 VSSE, the forward reaction rate, controlled by the charge
transfer, dominates, causing the current to increase as the cathodic
potential decreases.

5.3. Hydrogen adsorption transformation conditions with hydrostatic
pressure

The Faradaic resistance of the reaction system can be
represented by the sum Rct + Rev under the same cathodic potential.
It is related to the kinetic parameters of the HER. In the cathodic
20 MPa 30 MPa 40 MPa

6.81 19.89 19.81
2.65 18.91 18.88
2.80 2.03 2.06
17.19 19.89 19.80

20 MPa 30 MPa 40 MPa

0.985 0.994 0.997
0.998 0.998 0.999
0.999 0.999 0.999
0.999 0.999 0.998



Fig. 6. Relationships between the kinetic parameters and the hydrostatic pressure.

Fig. 7. Relationships between hydrogen surface coverage, cathodic potential and hydrostatic pressure. The part in the dashed oval means that the hydrogen surface coverage
decreases with decreasing cathodic potential under the potential region from �1.2 to �1.3 VSSE at 40 MPa.
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potential region (-1.2 to �1.3 VSSE), the HER is controlled by the
charge transfer, as mentioned above. The cathodic potential E vs.
log[1/(Rct + Rev)] plot should be linear, and it should have the same
slope as the Tafel plot [15,40]. Fig. 8 shows this plot for the A514
steel in NaOH under each hydrostatic pressure along with the Tafel
plot at 0.1 MPa and the considered potential region (-1.0 to
Fig. 8. Experimental Tafel plot (circles) and simulated E vs. log[1/(Rct + Rev)] plot 
�1.3 VSSE) obtained from Fig. 2. The slope of the Tafel plot and the
simulated E vs. log[1/(Rct + Rev)] plot are almost the same under the
cathodic potential region (-1.2 to �1.3 VSSE). The observed
separations are 1.19, 1.27, 1.5, 1.61, and 1.8 at each hydrostatic
pressure.
(solid points) for the HER on A514 steel in 0.2 mol/L NaOH solution at 25 �C.



Fig. 9. Pressure effect on the Langmuir adsorption under high potential and multilayer adsorption under low potential.
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Bai et al. mentioned that the Tafel slope can be represented as
di=dh ¼ � aF=RTð Þi. At high over-potential and zero frequency, the
Faradic admittance was shown as
@i=@hð Þv¼0 ¼ Yf

	 

v¼0 ¼ 1= Rct þ Revð Þ. Combining these two equa-

tions, log Rct þ Revð Þ�1 ¼ log �ið Þ þ logaF=RT. Thus, the theoretical
separation between the cathodic potential E vs. log[1/(Rct + Rev)]
plot and the Tafel plot for the Langmuir monolayer absorption is
equal to log(aF/RT) [15]. For a = 0.438 and T = 298 K, log(aF/
RT) = 1.23, which is close to the experimental value obtained at
0.1 MPa. According to the Bai’s theory, it was derived from the
Langmuir isotherm [41]. Once the Langmuir hydrogen adsorption
condition changes, the Temkin adsorption isotherm should be
used. Thus the value of log[1/(Rct + Rev)] changes. This change is
represented as the term of A on the right side of Eq. (15) in ref. [15],

which is shown as log Rct þ Revð Þ�1 ¼ log �ið Þ þ logaF=RT þ A. The
separation of 1.8 found in the experiments at 40 MPa indicated the
Temkin adsorption condition, and the theoretical separation of the
Temkin adsorption is 1.86 [15]. This experimental evidence
indicates hydrogen adsorption condition transfer from the
Langmuir monolayer adsorption at 0.1 MPa to the Temkin
adsorption at 40 MPa. This behavior could be due to the effects
of the pressure on the rates of reactions (1) through (3).

5.4. Cathodic potential and pressure effects on the apparent diffusivity
DC

As shown in Fig. 7, u increases dramatically with hydrostatic
pressure from 0.52 to 0.99 at �1.0 VSSE. However, the increment of
u from 0.1 MPa to 40 MPa decreases at lower cathodic potential,
which indicates that at relatively high cathodic potentials (-1.0 and
�1.1 VSSE), the adsorbed hydrogen atoms saturate vacancies on the
hydrogen charging side caused by the increasing hydrostatic
pressure. This is the Langmuir monolayer adsorption. At relatively
low cathodic potentials (-1.2 and �1.3 VSSE), vacancies on the
hydrogen charging side are saturated at 0.1 MPa and tend to be the
Temkin adsorption at high pressures, as shown in Fig. 8. This
phenomenon is schematically shown in Fig. 9.

Based on Fig. 4 (b), DC increase with hydrostatic pressure more
obvious at �1.2 and �1.3 VSSE potentials than at �1.0 and �1.1 VSSE
potentials, indicating that the multilayer Temkin adsorption
increases the apparent diffusivity. In contrast, the increase in u
under the Langmuir adsorption does not affect DC.

6. Conclusions

In this paper, hydrostatic pressure-induced coupling mecha-
nism is demonstrated. Hydrostatic pressure increases the Volmer
reaction rate by increasing the absolute value of the cathodic
overpotential and the kinetic parameters k1 and k-1. It decreases
the Tafel recombination rate by increasing the solubility of H2 in
the electrolyte and decreasing the kinetic parameter k3. These two
effects increase the amount of adsorbed hydrogen atoms with
hydrostatic pressure. On the other hand, pressure increases the
Heyrovsky reaction rate by increasing the absolute value of the
cathodic overpotential and the kinetic parameter k2, which
decreases the amount of adsorbed hydrogen atoms with hydro-
static pressure.

The hydrogen adsorption condition with applied cathodic
potentials of �1.0 and �1.1 VSSE is by the Langmuir monolayer
adsorption at every pressure. However, the adsorption condition
transforms from the Langmuir monolayer adsorption to the
Temkin adsorption with hydrostatic pressure under applied
cathodic potentials of �1.2 and �1.3 VSSE. The change in the
adsorption condition affects the apparent diffusivity of hydrogen
permeation more significantly than the Langmuir monolayer
adsorption.

At pressure ranged from 10 to 40 MPa, the Tafel recombination
and the Heyrovsky reaction are controlled by the PH2 in the
electrolyte in the potential region of �1.0 and �1.1 VSSE. However,
the entire HER process is controlled by the cathodic potential in the
potential region of �1.2 and �1.3 VSSE.
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