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Abstract

In response to the global energy crisis, water splitting has become one of the most efficient methods to produce
hydrogen as an excellent substitute for fossil fuels. The diffusion coefficient of hydrogen and its interaction with
iron have granted carbon steel (CS) the susceptible nature to hydrogen, and therefore CS is considered a promising
electrocatalyst in the hydrogen evolution reaction. Compared to many traditional alkaline electrolytes, simulated
seawater exhibits reasonable performance that facilitates an effective hydrogen evolution reaction. In the
electrolysis of simulated seawater, the lowest overpotential of strained CS samples (-391.08 mV) is comparable to
that of Pt plate electrodes (-377.31 mV). This is the result of the plane strain introduced to CS samples by a
hydraulic press and indentation, which help to facilitate mass transport through diffusion for hydrogen evolution.
The susceptibility of CS is verified by the formation of nanoscale hydrogen blisters that form in the proximity of
grain boundaries. These blisters are the result of hydrogen gas pressure that is built up by the absorbed atomic
hydrogen. These hydrogen atoms are believed to accumulate along the CS {11 03} planes adjacent to grain
boundaries. CS has so far not been studied for the catalysis of water splitting. In this study, CS is used as an
electrocatalyst for the first time as a cost-effective method for the utilization of seawater that further contributes to
the promotion of green energy production.
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INTRODUCTION

The rapid increase in human activity since the mid-19" century has catalyzed the process of global warming.
Our over-reliance on non-renewable energy sources, such as fossil fuels, has resulted in a detrimental side
effect on the ecosystem of the Earth. There is therefore an urgent need to develop alternative energy sources
that are renewable and have minimal impact on the planet, with common practices including the utilization
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of solar cells and fuel cells"*, as well as finding energy storage solutions” . Clean energy, such as hydrogen

fuel, is a promising substitute for petroleum because of its advantages that include low to zero carbon
emissions, an almost unlimited supply source, ease of operation and independence from foreign control"*.
While hydrogen itself is a form of green energy that produces little to no pollutants, the process of

producing hydrogen is not necessarily clean.

Hydrogen gas only exists in the atmosphere with a tiny fraction, and thus most has to be extracted from its
compounds, such as water or methane gas. There are three main methods for hydrogen production, namely,
steam methane reforming (SMR), coal gasification (CG) and water splitting"”. About 96% of the global
hydrogen supply is obtained from SMR and CG"", which are economically viable but not environmentally
friendly. Although the cleaner method of producing hydrogen is by water splitting via the hydrogen
evolution reaction (HER), this method is hindered by the high cost of the catalyst used in the chemical

[16-21]

reaction process'**".

The state-of-the-art electrocatalysts for water splitting are primarily noble metals (NMs, particularly Pt-
based alloys for the HER)®*/ that are commonly used in industry; however, their high cost impedes the
advancement of the economical production of hydrogen fuel. Thus, significant research has been focused on
exploiting electrocatalyst materials as alternatives to NMs with comparable performance at a much lower
cost. Several critical types of NM-free electrocatalysts have been widely studied, including
hydroxides/oxides”*, chalcogenides”***", nitrides””*", carbides'****’, phosphides"***' and the alloys of
transition metals*>*’, Recent research has been heavily focused on metal/alloy-based electrocatalysts'*”".

The excellent performance of a catalyst for water splitting can generally be achieved by increasing its
electrochemically active surface area, tuning its electronic structure or enhancing its hydrogen adsorption
energy.

Whilst novel catalysts are currently being developed, many still include NMs, and their synthesis procedures
are usually complicated and require expensive chemicals and/or equipment. These factors reveal the
advantages of common engineering alloys based on traditional transition metals, such as stainless steel™™
and carbon steel (CS), with the latter having not been investigated in detail regarding its electrocatalytic
HER activity. Gennero de Chialvo et al.” showed that a smooth iron rotating disc electrode has good
temperature-dependent HER performance in a 2 M NaOH solution. Based on the Volmer-Heyrovsky-Tafel
mechanism, hydrogen atoms can be easily adsorbed onto the surface of the iron electrode and then
embodied into the metal, thereby representing strong theoretical support that CS is susceptible to
hydrogen'®’. In order to utilize CS as a potential catalyst for the HER, the catastrophic failure caused by
strong blistering'**' must be avoided. Another previous study demonstrated that hydrogen preferentially
segregates at the interfacial regions in iron and iron-based materials, and its diffusion coefficient can be
expressed as a function of temperature, with a value of ~7.1 x 10" m*/s at 300 K and an activation barrier of
0.11 eV However, little research has been carried out to study the catalytic HER performance of CS in
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various types of electrolytes and methods for possible improvement, because of the poor efficiency and large
overpotential observed” .

Seawater and CS are clearly highly abundant materials and, therefore, would represent an excellent
economic approach if they could be utilized for water splitting. In this work, bulk polished CS samples are
subjected to electrolytes of different pH values to evaluate their HER performance. A simple mechanical
processing method is also introduced to enhance the HER performance of the samples in a simulated
seawater electrolyte.

EXPERIMENTAL

The chemicals used in this work include sodium chloride (NaCl, reagent grade, Sigma-Aldrich) and
potassium hydroxide (KOH, 90%, Sigma-Aldrich) flakes, which were used as received without any further
purification. The deionized water used was generated from a Milli-Q system with p = 18.2 MQ-cm.

Processing of samples

Bulk CS samples (10 x 10 x 3 mm®) were mechanically polished with fine grit (P180) SiC paper using a
polisher (Forcipol 300-1V, Kemet International Limited, UK) operated at a speed of 200 rpm under a
constant water supply. They were then cut into thinner sections (10 x 10 x 1 mm?®) using a linear precision
saw (IsoMet® 4000, Buehler, USA) equipped with a Series 20LC diamond blade operated at a feed rate of 1
mm/min and a blade speed of 4000 rpm. The thin samples were dried under a hot air flow. Mechanical
deformation was carried out on the samples using a hydraulic press, and the load applied was 0-10 t at an
interval of 2 t. These samples are hereafter denoted as CS-ot, CS-2t, CS-4t, CS-6t and CS-8, respectively.
Indentations were carried out using a Rockwell hardness tester on the polished surface of the samples with a
load of 60 kgf.

Characterization and testing techniques

The crystalline phases of the bulk samples were determined by X-ray diffraction (XRD) using a bulk X-ray
diffractometer (XRD-6000, Shimadzu, Japan) with Cu-Ka radiation produced at 40 kV and 30 mA with 1 =
1.5405986 A. All samples were scanned within the range of 5° < 20 < 120° under 0-20 mode at a speed of
1°/min. The morphologies of the samples were characterized using thermionic scanning electron
microscopy (SEM, JSM-6360A, JEOL, Japan) with an accelerating voltage of 10 kV under secondary
electron imaging mode. The elemental compositions of the samples were confirmed by X-ray energy-
dispersive spectroscopy (XEDS) performed at an accelerating voltage of 20 kV with an XEDS attachment
(JED-2300, JEOL, Japan) on the scanning electron microscope. The interfacial structures of the sample with
the best performance before and after the HER test were examined using field-emission gun transmission
electron microscopy (TEM, JEM-2100F, JEOL, Japan) operated at an accelerating voltage of 200 kV. The
cross-sectional lamellae were prepared with an in-situ lift-out method using a dual-beam focused ion beam
(FIB, XB540, Zeiss, Germany) system equipped with a tungsten needle (OMNIprobe 400, Oxford
Instruments, UK).

The HER catalytic activities of the samples were tested on a three-electrode electrochemical workstation
(PGSTAT302N, Metrohm Autolab, Netherlands). The CS samples, a Pt plate and an Ag/AgCl electrode
were used as the working, counter and reference electrodes, respectively. An appropriate amount of KOH
was dissolved in deionized water to form solutions of different concentrations, so the pH values of the
electrolyte vary from 8 to 14. Appropriate amounts of NaCl and KOH were dissolved in deionized water to
form a solution with a similar salinity to seawater (3.5% salt solution with pH 8), and the simulated seawater
was used as the electrolyte for further testing. Linear sweep voltammetry (LSV) was carried out at a
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scanning rate of 2 mV/s. To estimate the double-layer capacitance (C,) of the samples, cyclic voltammetry
(CV) was conducted within a non-Faradaic potential range from -0.5 to -0.9 V with scanning rates varied
from 10 to 100 mV/s. Electrochemical impedance spectroscopy (EIS) was carried out at a fixed working
electrode current density of 10 mA/cm? with a frequency range of 10°107? Hz. Stability tests were conducted
using chronopotentiometry (CP) held at a constant working electrode current density (WECD) of -10
mA/cm’ for a continuous period of 12 h.

RESULTS AND DISCUSSION

Phase identification

Figure 1A shows the XRD patterns of the bulk samples before and after polishing. Most of the diffraction
peaks could be ascribed to CS, which has a similar structure to body centered cubic (BCC) Fe (JCPDS No.
06-0696, space group Im-3m). Before polishing, the unprocessed sample has a thin oxide layer on its surface
(as marked by * in the red profile of Figure 1A), which might hinder the charge transfer process because of
its semiconducting nature. Mechanical polishing removes the oxide layer, and almost all diffraction planes
were exposed to a greater extent (blue profile of Figure 1A).

Previous research has shown that for BCC Fe, the surface energy of the (2 1 1) plane is the largest and the (1
1 0) plane is the second largest™. However, the (1 1 0) plane is hypothesized to be the most favorable for the
electrochemical HER, as the (1 1 0) plane of Fe has the largest Fe-H binding energy”", which could promote
the adsorption and desorption of hydrogen. The SEM images in Figures 1B and C illustrate the
morphological differences before and after mechanical polishing. The oxide layer is comprised of small
nanometer to micrometer-sized spherical particles with an uneven distribution [Figure 1B], whereas after
mechanical polishing, the surface becomes much smoother with parallel scratches [Figure 1C], which
should be formed along the direction of polishing.

Electrocatalytic performance for HER

The catalytic performance of the samples for the HER was evaluated by electrochemical tests. The bulk
samples after polishing were first subjected to electrolytes of different pH values and LSV was performed
from -0.6 to -1.5 V (vs. Ag/AgCl), as shown in Figure 2A. It could be observed that as the pH moves towards
neutral, the electrochemical response weakens drastically. KOH electrolytes with pH < 13 cannot achieve a
WECD of -10 mA/cm’, even when reaching an applied potential of -1.5 V vs. Ag/AgCl. The trend line in
Figure 2B reveals that the WECD has an exponential relationship with the anion concentration in the
electrolyte, as evidenced by the perfect fitting. It is noteworthy that in the simulated seawater (pH 8 with
3.5% NaCl), which has an anion concentration of ~0.6 M, the sample produces a WECD of -11.15 mA/cm’
and this value only slightly supersedes the KOH electrolyte with pH 12, which has an anion concentration
of 10 mM. In addition to the limited amount of OH ions in the simulated seawater, the significant
difference in the ionic concentrations also results in a much higher Cl ionic strength”” that hinders the
mass transport of OH ions””), thereby lowering the turnover frequency of the oxygen evolution reaction
and the chlorine evolution reaction (CER) takes over at the anode. Since Cl" has much lower ion mobility
compared to OH ", the CER-dominated water splitting” performs weaker in terms of the WECD at -1.5
V.

The LSV curves of the samples are displayed in Figure 3A and the overpotentials (n,,) of the samples are
recorded at a current density of -10 mA/cm® The smallest (-504.26 mV) comes from CS-8t and has an
effective improvement compared to that of CS-ot (-758.16 mV). These values render a decreasing trend with
a quadratic function [Figure 3B] and solving the derivative function confirms that the reduction in
overpotential would cease upon reaching a pressure of ~11.5 t applied on the bulk sample. This limited
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Figure 1. (A) XRD patterns of bulk samples before and after polishing. SEM images of bulk samples before (B) and after (C) polishing
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Figure 2. (A) LSV curves and (B) trend line in working electrode current densities of polished samples in electrolytes of different pH
values.

reduction is believed to originate from the uniaxial strain resulting from the high pressure, which increases
the total surface energy of the sample and lowers the activation energy of the entire process, thereby
triggering better performance and higher efficiency in the overall catalysis. This is supported by the
respective Tafel plots of the samples [Figure 3A], where the Tafel slope drops sharply from 1609 mV/dec
(CS-ot) to 318 mV/dec (CS-2t) with externally applied pressure, indicating an enhancement in the catalytic
performance. Further loading gives a much gentler decreasing trend and in overall, it follows a linear
relationship between the natural logarithms of both the pressure loading and the Tafel slope [Figure 3B].

Figure 3C shows the galvanostatic EIS results, which confirm a relatively small solution resistance (R,) for
the simulated seawater electrolyte ( < 10 Q). As the pressure loading increases, the charge transfer resistance
(R.) of the HER becomes slightly reduced and this is an accreditation of the increment in the surface energy
of the CS samples, indicating a faster H' reduction charge transfer process” and thus higher Faradic
efficiency is expected during the HER””. Furthermore, the CS-ot and CS-8t samples were subjected to CV
tests with varying scanning rates in the non-Faradaic potential range [Figures 3E and F] and the working
electrode current is plotted against the scanning rate. The gradient of the linear fit represents the double-
layer capacitance (C,) of the samples, which gently increases [Figure 3D] from 11.6 mF (CS-o0t) to 14.5 mF
(CS-8t), in agreement with the EIS results according to the equivalent circuit diagram [Figure 3D]. With



Page 6 of 12 Cao et al. Energy Mater 2022;2:200010 | https://dx.doi.org/10.20517/energymater.2022.06

9 750 1600 3.0 ” .
< A B n~1997 #-46622 t+ 756 288 C ° o "
S 104 . R2=0.986 1400__ 55 . .
< S70041 N 8 - "
< £ S 12008, ¢ eTart s g .
2 -204 = ' R £ . PR T
2 56501 ~ 1000 & o B v o ® .
8 30 € \ R ® =15 v 4 "
-304 o} ~ o N . » Y .
=l S \ ~ 800 o v 4 » -
5 86001 | . o 10l % 2 N .
3 404 ¢ S S 600 2 o) . e a NI
o o X R?=0.994 Nape® |E T L4 Y a o o 2. =
E 50 550 N~ Jnb~6.334-0421 Int Sis Ja00 051 7 = SR D I
50 2 = e v H H
st 4 2 00 02 04 06 08 T0 12 14 o Tmee_ . S i ‘ I i i ‘ i I g: I
. log lmAvem) 5004, . — === 001 3 — |
0.8 0.6 -0.4 -0.2 0.0 0 2 4 6 8 5 6 7 8 _9 10 11 12 13 14
E vs RHE (V) Load (t) Q)

= 10mV/s 60 mV/s|
(= 20 mV/s 70 mV/s
= 30mV/s 80 mV/s|
= 40 mV/s 90 mV/s|
[ 50 mV/s —— 100 mV/s|

0.1 -0.2

j—— 10mV/s
— 20 mVis 70 mV/s|
j—— 30mV/s 80 mV/s
— 40 mV/s 90 mV/s,
— 50 mVis 100 mV/s,

60 mV/s,

WE Current Density (mA/cm?)

20 80 100 -0.2 0.1

40 60 -0.1 0.0 -0.1 0.0
Scan Rate (mV/s) E vs RHE (V) E vs RHE (V)

Figure 3. Electrochemical tests conducted on CS samples using simulated seawater. (A) LSV curves and (inset) Tafel plots. (B) Trend
lines for changes in overpotentials and Tafel slopes. (C) Nyquist plots of all samples. (D) Calculated C values based on CV curves of (E)
CS-0t and (F) CS-8t and (inset) equivalent circuit diagram.

relatively constant and small R values, the gentle increase in C, and decrease in R, are not expected to
affect the overall performance. However, there is an extra amount of energy equivalent to an 8t suppressing
force applied to CS-8t and the incorporation of this large strain energy is believed to produce this
performance improvement.

The ECSAs of the samples are directly proportional to their respective C, values. The ECSA of CS-ot and
reference Pt plate is assumed to be 1 cm’, and thus the ECSA of CS-8t (labelled as CS-0 in Table 1) is ~1.25
cm’. To further improve the electrocatalytic performance, CS-8t samples were subjected to various numbers
of indents, and the respective ECSA values are listed in Table 1. Each indent has a diagonal length of ~600
m, as shown in the SEM image of Figure 4D. Through a comparison of the ECSA-normalized activities [
Figure 4A]®"", it is obvious that the bulk Pt plate still serves as the state-of-the-art catalyst in seawater
electrolysis with a relatively small n,, of -377.31 mV. Nevertheless, indentation resulted in a significant
enhancement in the CS-8t samples, with the smallest n,, of -391.08 mV achieved by making 16 indents,
which is close to the performance of the bulk Pt plate. The enhancement is linearly correlated with the
number of indents, as shown in the red profile of Figure 4B.

The TOF values were obtained at E = -1.377 V (vs. RHE), at which the Pt plate produces a current density of
-10 mA/cm’. As listed in Table 1, the Pt plate has the largest TOF value and that of CS-16 is very close to the
Pt plate. The original CS-8t sample (CS-0 with no indent) has a much smaller TOF as it responds much
slower to the HER process compared to other indented samples. This is likely because indentation could
produce a large amount of active sites (along grain boundaries and hydrogen blisters, as shown in Figure 5).
This also shows that indentation is the second major influencing factor after hydraulic press, and it also
renders linear correlation to the TOF values (blue profile in Figure 4B).

From a comparison of the EIS results [Figure 4C], the CS-16 sample has similar R, (5.87 vs. 4.38 Q) and R,
(~6 vs. ~5 Q) values to the Pt plate, indicating that strain engineering is a good method to improve the
performance of catalytic materials through the exposure of more active sites for charge transfer and the
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Table 1. Electrochemically active surface area (ECSA) and turnover frequency (TOF) values of samples
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Label Sample ECSA (cm?) TOF(s™
Pt plate Pt plate 1.0000 34.0348
CS-0 CS-8t 1.2500 9.95842
CS-1 CS-8t with 1indent 1.2536 23.7519
Cs-4 €S-8t with 4 indents 12644 25.8727
CS-9 CS-8t with 9 indents 1.2824 28.7614
cs-16 €S-8t with 16 indents 1.3076 31.6267
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Figure 4. (A) LSV curves of Pt plate and CS-8t samples with various numbers of indents, showing their ECSA-normalized activities. (B)
Linear fits of n,pand TOF values with number of indents. (C) Nyquist plots of Pt plate and CS-16 sample. (D) Stability tests of Pt plate
and CS-16 sample using CP and (inset) SEM image of an indent (scale bar: 500 um).

enlargement of interfacial density””. A 12-h stability test was also conducted for both the CS-16 sample and
Pt plate using CP [Figure 4D]. Whilst holding at the constant WECD of -10 mA/cm?, the stability of the CS-
16 sample is comparable to the Pt plate and the change in n,,values is only ~30 mV over 12 h for both. The
excellent stability of the CS-16 sample in the simulated seawater environment suggests that traditional CS
materials under physical strain could be economic substitutes for Pt in the application of seawater
electrolysis.

To characterize the formation of hydrogen blisters, cross-sectional lamellae were prepared from an indent
on the CS-8t sample with 16 indents before and after the HER test [Figure 5]. Figure 5A shows a low-
magnification TEM image of the CS sample before the HER test, where no hydrogen blisters are visible. A
high-resolution TEM (HRTEM) image (of the white square region in Figure 5A) is displayed in Figure 5B,
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Hydrogen
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Fe[001]
JCPDS #06-0696

Figure 5. TEM characterizations of CS sample. (A) Low-magnification and (B) HRTEM images of CS sample before HER test. (C) Low-
magnification and (E) HRTEM images of CS sample after HER test, where the white arrows indicate the hydrogen blisters formed. (D) A
schematic diagram illustrating the position of the hydrogen blisters, which are formed at the grain boundaries. (F) FFT pattern
transformed from the white square region in (E). The inset of (E) is an FFT image transformed from (F).

which shows the high crystallinity of the sample across the entire image. Hydrogen blisters (shown by the
white arrows in Figure 5C) are formed during the HER process, which have a width of a few tens of
nanometers and a lateral size of ~200 nm. Figure 5D presents a schematic illustration showing that the
hydrogen blisters appear filiform in parallel with the sample surface and are formed in the proximity of the
grain boundaries planar strained by the hydraulic press and indentation. The HRTEM image displayed in
Figure 5E is taken from a region near a blister. A gradient could be identified along the white dashed arrow,
which shows a gradual decrease in crystallinity. The region nearer to the blister (yellow color) became
completely amorphous with no obvious lattice. The region further from the blister (blue color) has good
crystallinity, as displayed by the clear lattice fringes [Figure 5E]. Part of the crystalline region appears dark
and this should be due to the mass-thickness contrast as a result of the non-uniformity in the thickness of
the lamella after FIB thinning.

The fast Fourier transform (FFT) pattern of the square region in Figure 5E is given in Figure 5F. By
matching against the standard database using JEMS software (Electron Microscopy Software, Java Version
4.3905U2016, developed by Dr. P. Stadelmann, Switzerland), the sample was imaged along the zone axis of
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(0 0 1) of BCC Fe and all diffractions indexed in the FFT pattern could be matched with the XRD pattern
[Figure 1A]. The diffraction spots indicate that the longitudinal direction of the blister is perpendicular to
the <1 1 0> direction, meaning that plane strain has been applied to the sample during hydraulic press and
indentation and is accumulated in the {1 1 0} planes giving rise to large surface energy"”, which is in perfect

agreement with the above hypothesis.

CONCLUSIONS

This work has systematically studied water splitting by CS samples using different electrolytes and possible
methods to improve the electrocatalytic performance of CS in the HER were investigated. The working
electrode current density could be expressed as an exponential function of the OH" anion concentration in
traditional alkaline electrolytes. The low ionic mobility of Cl in simulated seawater leads to weaker mass
transport, but the HER performance is still in a reasonable range. A hydraulic press and microhardness
indentation were employed to introduce plane stress to the CS samples, and the stress centers at the
proximity of grain boundaries are where hydrogen blisters form during the HER to promote mass transport
through diffusion. TEM characterization showed that the longitudinal side of the hydrogen blisters is
perpendicular to the <1 1 0> direction of the crystal lattice, indicating that the applied stress/strain
accumulated mostly in the {1 1 0} planes, which gives rise to the large surface energy. The overpotential n,,
can be expressed as a quadratic function of the hydraulic press loading, which may reach a limit at ~11.5 t
pressure, and a further improvement could be supported by indentation, which linearly affects the
performance. In the electrolysis of simulated seawater, the strained CS sample could reach the lowest n,, of -
391.08 mV and a small R, of 6 Q, which are close to the Pt plate electrode. The synergistic effect of both
straining methods successfully increased the surface energy and number of active sites on CS electrodes,
which has been proven as an effective approach to improve the HER performance.
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