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Investigation Of Alkaline Solution Temperature Increment Influence Onto
SS316L Surface
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This study deals with the electrochemical behaviors of SS316L at various temperatures in a 3M KOH solution.
The mounted SS316L was subjected to electrochemical measurement using a Potentiostat with an exposure
area of 1 cm2. Following electrochemical measurements, the samples were analyzed with a Scanning electron
microscope equipped with Energy dispersive spectroscopy (SEM-EDS) to observe the surface morphology and
element distribution. Identifying the phases present in the samples is done through X-ray diffraction (XRD). On
the basis of SEM images, the surface roughness was also examined. According to OCP investigations, only the
lowest solution temperature sample (30 °C) show that they are moving forward in a positive direction. Shifting
to a higher solution temperature (from 30 to 50 °C) led to an increase in passive current density according to
LSV oxidation measurement. The lowest solution temperature sample (30 °C) shows the lowest corrosion rate
and a higher capacitive arc. In contrast, higher hydrogen production is seen in the highest solution temperature
sample (50 °C). Moreover, all samples shows p-type and n-type semiconducting properties. According to
EDS measurements, the Mn element was not detected in all samples after the electrochemical test due to was
sacrificing during corrosion occurs. All samples contain face-centered cubic (fcc)-austenite (γ − Fe) as its main
phase. The surface of SS316L did not show any oxides to form, probably due to an excessively thin or nanoscale
oxide layer on the surface.

Keywords: Electrochemical behavior; Semiconducting; Surface morphology; Element; Structure
© The Author(’s). This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and
source are cited.

http://dx.doi.org/10.6180/jase.202510_28(10).0010

1. Introduction

The demand for clean energy demand will increase in the
future due to the need for environmentally friendly fuel [1,
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2]. Recently, hydrogen has been known as a renewable and
clean energy supply and is considered by many studies as
the perfect eco-friendly fuel due to its nontoxic [3]. Besides
that, hydrogen could be used as a single or mixed with
fossil fuels in automotive combustion chambers [4, 5].

Hydrogen production could be produced using an elec-
trolysis process [6]. The electrolysis process was performed
with various electrodes, including stainless steel (SS)316L,
SS 304, and copper (Cu). SS316L has proven to have better
corrosion resistance than the materials mentioned above
[7]. The high corrosion resistance of SS316L is attributed
to the protective passive layer formed on the outermost
surface. Cr and Ni are two elements that react with oxygen
and introduce a passive layer.

Several salts, such as KOH, NaOH, and NaCl, were
chosen and used in the electrolysis solution [8, 9]. The effi-
ciency of hydrogen production using KOH is 90.25 %, while
the efficiency of hydrogen production using NaOH is 83.33
% [8]. Moreover, applying higher current during electroly-
sis could enhance hydrogen production [10]. Unfortunately,
a higher current implies electrolyte solution temperature in-
creases and could cause the electrode to overheat, resulting
in less efficiency [11]. Moreover, an increase in alkaline con-
centration also increases the temperature of the electrolyte
solution [11]. Furthermore, increasing the concentration of
electrolyte solution also has an impact on the corrosion rate
[12].

BenSalah et al., [13] in their study, have found that a
porous layer would form at higher solution temperatures,
which could imply an increased corrosion rate. Another
study was conducted by Escrivà-Cerdán et al. [14] found
that the passive films over material that is formed at high
temperatures should be more defective. While more sta-
ble and protective passive layers form at the lower tem-
peratures [15]. According to Krungkarnchana and Kong-
varhodom study [16], the oxide on AISI 304 surface are iron
(Fe) and chrome (Cr) oxide. Moreover, in previous research,
only Cr oxide was shown on the surface of SS316L after a
corrosion test in 50 g/l of KOH at 60 °C [17].

This study aims to investigate the electrochemical be-
haviors of SS316L at various temperatures in 3M KOH so-
lution and provide a comprehensive overview. SS316L was
subjected to Open circuit potential (OCP), Linear sweep
voltammetry (LSV), Electro impedance spectroscopy (EIS),
and Mott Schottky. Hydrogen evolution reaction (HER)
phenomena were also investigated and calculated. Sub-
jected samples, after electrochemical measurement, were
analyzed using Scanning electron microscopy equipped
with Energy dispersive spectroscopy (SEM-EDS) and X-
ray diffraction (XRD) to determine surface morphology,

elemental composition, and phase.

2. Experimental setup

2.1. Material and experimental setups

In this experiment, SS316L sheet material was utilized with
a composition that was comparable to the previous study
[12]. The preparation of 3M KOH solution involved using
analytical grade KOH from Sigma Aldrich and mixing it
with deionized water. Samples were prepared by cleaning
using acetone, then electrochemical behavior (OCP, LSV,
EIS, and Mott Schottky) was investigated in various solu-
tion temperatures (30, 40, and 50 °C) using Potentiostat
(Gamry Reference 600) and namely as T-30, T-40, and T-50.
The experiment used a hot plate (Stuart) to maintain the
electrolyte solution temperature. Afterward, samples were
investigated using SEM-EDS (Phenom Pharos) and XRD
(PanAlytical EMPYREAN). The SEM result was analyzed
using Image-J software to determine the roughness of the
material surface.

2.2. Electrochemical measurement

The SS316L sample was cut and then mounted in the epoxy
resin, and the left side was open

(
1 cm2) for exposure area.

Three cell electrode setups were used for electrochemical
measurement: SS316L is the working electrode, saturated
calomel electrode (SCE) is the reference electrode, and plat-
inum (Pt) is the counter electrode. OCP scan measure-
ments were performed until 1200 s . The OCP voltage
data was collected each 0.5 s . LSV oxidation measurement
was undertaken using a scan rate of 1mV/s. By the Tafel
extrapolation method for LSV data, corrosion potential (
Ecorr ) and corrosion current density ( icorr ) could be found,
and then, the corrosion rate could be calculated using the
following equation [18].

CR(mpy) =
CMicorr

nρ
(1)

Where CR is corrosion rate (mpy), C is corrosion constant
(0.129), M is atomic weight (g/mol), icorr is corrosion cur-
rent density

(
A/cm2) , n is the number of electrons in-

volved, and ρ is the density of SS 316 L
(

g/cm3).

HER was also investigated using LSV data. HER param-
eters can be calculated using reduction scan data. Moreover,
EIS was measured at OCP between 1200 – 0.2 Hz and alter-
nating signal of 10 mV amplitude. The Moot Schottky was
investigated at a frequency of 1000 Hz, and the potential
change was from -2 to +1.5 V vs SCE to determine p-type
and n-type semiconducting properties.
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2.3. Surface morphology, elemental composition, and
structure

Following electrochemical measurements, the samples
were analyzed with SEM-EDS and XRD. The SEM-EDS
apparatus was used to investigate surface morphology and
elemental percentages. XRD was investigated (CuKαλ =

0.154 nm) from 20 to 80◦ with a step size of 0.02◦. The XRD
data was analyzed using the Rietveld method associated
with the general structure analysis system (GSAS).

3. Result discussions

3.1. Electrochemical Measurement

The results of the OCP measurements are presented in
Fig. 1(a). Only T-50 samples presents steady-state OCP
voltage at 1200 s. While the T-30 sample is still moving
forward in a more positive direction, and the T-40 sample
is moving forward in a negative direction, it needs more
time to reach a steady state. A rise to a positive direction
indicates that oxide has been formed, while a shift to a
negative direction suggests the dissolution of the film oxide
[19]. Moreover, the T-50 sample at the beginning until 250 s
is shifted to a more positive direction, indicating oxide form
on the SS316L surface. As immersion time increases, the
OCP curve moves to a negative direction at 250 until 1200 s
measuring time, indicating that surface oxide is dissolved
[20].

According to the Arjmand et al. [21] study, because of
the high amount of Cr in the SS 316 L chemical composition,
it is expected that Cr2O3 will be the dominant compound
in the protective oxide layer of the alloy. Moreover, Ni and
Fe can also be transformed by passing through the Cr oxide
layer, reacting with OH−, and finally precipitating to form
an oxide in the outer layer.

The results of the LSV measurements are presented in
Fig. 1(b). All samples show several domains, such as (1)
cathodic, (2) active area, (3) passive area, (4) transpassive
area, and (5) oxygen evolution. Escrivà-Cerdán et al. [14]
stated that passive films over material that is formed at
high temperatures should be more defective. Hence, it
consequently accelerates the dissolution of aggressive ion
species in the passive layer into electrolyte solution [22].
Moreover, changing the solution temperature from 30 to
40 or 50◦C promoted the shift of corrosion potential to
more negative potential, attributed to the anodic process
acceleration [23].

Increasing the solution temperature leads to a shift in the
right-hand direction of the LSV curve, which is in perfect
agreement with the study by Monteiro et al. [24]. Yang et
al. [25] study also showed similar behavior, investigating

SS316L in H2SO4 using temperatures 25, 50, 70, and 90◦C,
showing an LSV curve shift to the right-hand direction with
an increase in the solution temperature. Moreover, there
is a correlation between the concentration of solution and
the passive region. Based on a previous study, only one
passive region was formed when LSV was investigated in
5, 30, and 50 g/1 of KOH [17].

According to Fig. 1(b), the Tafel extrapolation method
was used to fit the curve to find the Ecorr and icorr, which
were by inserting the icorr in Eq. (1), corrosion rate (CR)
was found and summarized in Table 1.

According to Table 1, higher solution temperature led
to an increase in corrosion rates. This is probably due to a
higher passive current density, as shown in Fig. 1(b). Ac-
cording to a study by Monteiro et al. [24], passive current
density depends on the corrosion rate. Therefore, there is
a rise in the corrosion rate due to higher passive current
density. Another possibility is that the passive film over the
surface material formed at high temperatures is more defec-
tive [14]; therefore, higher solution temperature increases
the corrosion rate.

Moreover, compared to the OCP curve, only T-30 has
moved in a positive direction, which means that it has
formed a protective oxide form and has resulting high
corrosion resistance. Generally, all samples show excellent
corrosion resistance criteria due to a corrosion rate value
between 1-5 mpy [26].

The results of the EIS measurements are presented in
Fig. 1(c) and (d). According to Fig. 1 (c), capacitive arcs
are formed in the various samples. A high capacitive arc
is related to lower metal dissolution, and the diameter of
the capacitive arc is related to charge transfer resistance
(Rct) [27]. In other words, a higher capacitive arc is near
the highest corrosion resistance. Wang et al. [23] have
found that the corrosion rate of the stainless steel is mainly
controlled by the anodic stage. Therefore, the decrease in
capacitive arc diameter indicates an increase in the anodic
reaction rate. Compared to corrosion parameter (Table 1),
the T-30 sample has a lower corrosion rate due to a higher
capacitive arc.

According to Fig. 1(d), the T-30 sample has a phase angle
close to -75° at an intermediate frequency, which indicates
that it has more stable and protective passive layers than
other samples [15]. Compared to Fig. 1(b), it can be seen
that a narrow passive layer is seen in the T-30 sample, while
the T-40 and T-50 samples are wider. Unfortunately, the
wider passive layer in the T-40 and T-50 samples has poor
stability, resulting in a higher corrosion rate than the T-30
sample. The passive layer in the T-40 and T-50 samples
probably contains Fe oxides, which results in poor passive
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Table 1. Corrosion and EIS parameters.

Sample Corrosion Parameters EIS Parameters
Ecorr (V) vs SCE icorr

(
A/cm2) CR (mpy) Rs (Ω) Rct (Ω)

T-30 -0.357 2.670 × 10−6 1.186 10.50 3.63 × 103

T-40 -0.554 3.740 × 10−6 1.662 15.53 3.51 × 103

T-50 -0.514 3.840 × 10−6 1.707 19.25 1.19 × 103

layer stability. Moreover, various EIS parameters can be
found and presented in Table 1 by fitting the curve using
an electrical equivalent circuit (EEC) diagram [28].

According to Table 1 (EIS parameters), the solution re-
sistance (Rs) and charge transfer resistance (Rct) values
decrease by increasing the solution temperature and are
in perfect agreement with the LSV result. This condition
means Rs and Rct are dependent on the solution temper-
ature. Previous research found that a decrease in the Rct
leads to a rise in the corrosion rate of SS316L [12]. Hossain
et al. [28] also found similar behavior; a reduction in Rct
promoted a decrease in corrosion resistance in the alloy.
Mott Schottky’s measurement result is presented in Fig. 1
(e). All samples show p-type and n-type region behaviors.
Moreover, all samples have 0.5 V vs SCE turning poten-
tial. Less than 0.5 V vs SCE (first region) is attributed to
p-type, and more than 0.5 V vs SCE (second region) is at-
tributed to n-type [12]. Several studies were investigated in
various temperatures, focusing on a positive direction [29,
30]; therefore, the present study also focused on a positive
direction.

The potential around 0 to +5 V vs SCE represents p-
type. Meanwhile, the potential around +5 to +1.5 V vs
SCE represents the n-type. Cr2O3 is forming at flat band
potential of p-type. Moreover, Cr2O3 and NiO form at an
initial or lower potential of n -type, and then Fe2O3 forms
at the higher potential of n-type [31–33].

3.2. Hydrogen Evolution Reaction (HER)

The results of the cathodic scan measurements are pre-
sented in Fig. 2(a). The T-30 sample suggests the smallest
onset potential, whereas the T-50 suggests the highest. In
the present study, the onset potential is dependent on the
solution temperature. Increasing the solution temperature
promoted a decrease in the onset potential. Ng et al. [34]
stated that small onset potential indicates higher HER acti-
vation energy.

At the cathode, the electrochemical response in alkaline
and acidic electrolytes is referred to as the HER. The elec-
trochemical reaction for alkaline and acidic electrolytes is
as follows [35–37].

2H2O + 2e− → H2 + 2OH− (2)

2H+ + 2e− → H2 (3)

Linear regression using Eq. (4) was used to fit the Tafel
plot in Fig. 2(b) [38]. Meanwhile, the exchange current
density was calculated using Eq. (5) and summarize in
Table 2 [38].

η = a + b log J0 (4)

log (J0) = − a
b

(5)

Where η is the overpotential (V), a is the Tafel intercept, b
is the Tafel slope, and J0 is the exchange current density(
A/cm2).

Table 2. HER kinetic parameter of samples.

Sample a(V) b(V/dec) η(V) J0
(
A/cm2)

T-30 -0.388 0.1066 -0.417 4362.896
T-40 -0.383 0.0995 -0.407 7067.181
T-50 -0.410 0.1056 -0.402 7630.900

According to Huang et al. [39], the higher the exchange
current density (J0), the more hydrogen gas is produced.
Therefore, the T-50 sample has higher gas production than
other samples. Moreover, El Soly et al. [11] have investi-
gated hydrogen production using dry and wet cells using
various solution temperatures and found that an increase
in temperature leads to resulting high flowrate hydrogen
production.

3.3. Scanning Electron Microscopy - Energy Dispersive
Spectroscopy (SEM-EDS)

The results of the SEM-EDS investigations are presented
in Fig. 3. The grain boundaries of various samples can be
clearly seen. This behavior probably causes corrosion to oc-
cur at grain boundaries. Moreover, several holes were also
seen in all samples, which indicates that all samples experi-
enced pitting corrosion. Therefore, it can be concluded that
there were two types of corrosion present in all samples.

Previous research, when investigating SS316L in various
KOH concentrations, found corrosion in grain boundaries
[12]. Moreover, Oh et al. [40] found that pitting corro-
sion occurred on SS after the potentiodynamic polarization
(LSV) test.
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Fig. 1. Electrochemical measurement result (a) OCP, (b) LSV (c) EIS-Nyquist impedance plot, (d) EIS-Bode plot, and (e) Mott
Schottky.

The results of the surface roughness investigations using
SEM pictures are presented in Fig. 4. The surface rough-
ness of T-30, T-40, and T-50 is 18.96, 24.63 and 25.52 µm
respectively. Therefore, it can be concluded that a rise in

the corrosion rate increases the surface roughness of the
sample, which perfectly agrees with the study by Toloei et
al. [41].

According to the EDS investigation, sample elements
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Fig. 2. HER investigation (a) Cathodic scan measurement
result and (b) Tafel plot of samples.

can be seen in Table 3.

Table 3. Elements of sample according to EDS
investigation.

Sample Weight Conc. (wt.%)
Name Fe Cr Ni O Mo
T-30 69.78 13.98 10.65 2.98 2.62
T-40 69.36 13.97 10.58 3.10 2.99
T-50 69.10 14.06 10.64 3.21 2.99

The chemical composition of the SS316L is Cr 16.33 wt.%,
Ni 9.97 wt.%, Mn 2.06 wt. %, Mo 1.95 wt. %, and Fe balance
[12]. Compared to Table 3, the Mn element is not seen after
the electrochemical test. According to Cihangir et al. [42],
Mn disappears after the electrochemical test due to was
sacrificing during corrosion occurs. This behavior was also
found in the study by Ni et al. [43], who investigated the
corrosion of SS314 in molten carbonate. In their study,

Fig. 3. SEM-EDS of samples (a) T-30, (b) T-40, and (c) T-50.

Fig. 4. 3D SEM picture and gray value against distance
(left-right) (a) T-30, (b) T-40, and (c) T-50.

Choudhary et al. [44] found that Mn’s dissolution rate is
higher than Fe, Ni, Mo and Cr; therefore, Mn disappears
after the electrochemical test.

According to Table 3, a rise in the solution temperature
leads to an increase in oxygen. This condition is probably
due to more oxides being formed on sample surfaces by
increasing the solution temperature. Moreover, oxides are
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always seen on the specimen surface after the corrosion
test [45, 46].

3.4. XRD

The XRD scan measurement result for three samples can
be seen in Fig. 5. The reflections of the (111), (200), and
(220) plane diffraction patterns for samples T-30, T-40, and
T-50 confirmed the presence of a face-centered cubic ( fcc
)-austenite ( γ-Fe). These austenite phase peaks are com-
parable to those observed in research conducted by San-
tamaria, et al. [47]. In addition to the austenite phase, a
body-centered cubic (bcc)-ferrite ( α − Fe ) phase can also
be seen at 44.71◦. Furthermore, Santamaria and co-authors
confirmed that the ferrite phase peak found at this angle
aligns with the austenite phase present in SS316 [47]. The
surface of SS316 did not show any oxides to form when
exposed to a KOH solution heated to 30, 40, and 50◦C.
These findings correspond to those from an earlier study
[12]. This could be due to an excessively thin or nanoscale
oxide layer on the surface of SS316L.

Fig. 5. Location of the KVMRT project

The quantitative analysis of diffraction patterns revealed
that the austenite phase formed for almost 98 wt.% of the
investigated phases. The lattice constants of the bcc-ferrite
phase (im-3m) and the fcc-austenite phase (fm-3m) are
0.287 nm and 0.359 nm, respectively. According to this cal-
culation, the lattice constant value of the bcc-ferrite phase
is comparable to the findings that were published in sev-
eral reports [48, 49]. The lattice constant values for the
fcc-austenite phase are consistent with those reported by
Lobodyuk et al. [50].

4. Conclusions

An electrochemical investigation of SS316L in various al-
kaline solution temperatures has been conducted. Several
investigations after electrochemical tests, such as SEM-EDS
and XRD, were also undertaken. Only the lowest solution
temperature sample (30 °C) showed OCP voltage moving
forward positively, which indicates a protective oxide form
and results in high corrosion resistance. Moreover, rising
the solution temperature (from 30 to 50 °C) led to an in-
crease in corrosion rate and hydrogen production. A lower
corrosion rate is seen in the lowest solution temperature
sample (30 °C) due to the smallest passive current density,
higher capacitive arc, lowest charge transfer resistance, and
lowest solution resistance. In contrast, higher hydrogen
production is seen in the highest solution temperature sam-
ple (50 °C) due to the higher exchange current density and
the smaller the overpotential. According to several investi-
gations in the present study, SS316L is recommended as an
electrode in hydrogen gas production due to its excellent
corrosion resistance criteria.
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