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The hydrogen evolution reaction in seawater is investigated using porous Ni—Cr—Fe, Ni-Fe—Mo, Ni-Fe-C
and Ni—Ti electrodes, prepared by elemental powder reactive synthesis methods. The open porosity of the
four kinds of electrode materials is 23.05%, 20.47%, 25.27%, and 29.05%, respectively. The electrochemical
performance of the four kinds of electrodes has been researched by polarization measurement, cyclic
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voltammetry and electrochemical impedance spectroscopy. The preliminary results demonstrate that the

porous Ni—Cr—Fe electrode has superior catalytic activity and relatively good long-term stability for
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1. Introduction

Hydrogen energy has attracted considerable attention because
of its advantages in clean, zero emission, and gigantic storage
among various renewable resources."™ The annual production
of hydrogen is about 45 million metric tons and its consump-
tion increases by 6% per year and hydrogen has already been
introduced into the consumer sector at present.>® Water elec-
trolysis has been regarded as one of the most attractive ways for
hydrogen generation, due to its advantages in producing high-
purity hydrogen gas, the maturity of industrialization, no
pollution,”™ etc. In order to realize efficient hydrogen evolu-
tion, acids or alkalis are always added into pure water to
increase ionic conductivity." However, ~75% of the earth is
covered by ocean; therefore, one of the most feasible ways of
realizing hydrogen evolution is to catalyze seawater due to the
high electrical conductivity of seawater (33.9 mS cm™ " at 25 °C)
and neutral condition.™ If the water electrolysis technology can
be applied to seawater, a broad prospect will be developed. It
will be easier to transform the peak electric energy into
hydrogen energy, and provide hydrogen fuel vehicles and rele-
vant medical units and enterprises with strong demand for high
purity hydrogen for use.*® And it will be a good solution to the
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hydrogen evolution reaction in seawater. The high efficiency and reasonable stability of the porous Ni—
Cr—Fe electrode catalyst demonstrate its promising applications in the rising hydrogen revolution.

energy problem in the environment of abundant seawater
resources and relatively insufficient freshwater resources."”

To achieve a high energy efficiency of water electrolysis for
hydrogen production, it requires the use of an optimal catalyst
to minimize the overpotential necessary to drive the hydrogen
evolution reaction (HER), which means that the stable and
cheap electrocatalysts with excellent catalytic activity and good
corrosion resistance must be developed. Ma Y. Y. et al. have
demonstrated that a cobalt molybdenum phosphide nano-
crystal coated by a few-layer N-doped carbon shell (CoMoP@C)
is an excellent substitute for the HER and it exhibits stable HER
performance with a high Faradaic efficiency of 92.5%."®
According to the theory of electrocatalysis'® and the volcano
plots, metallic nickel (Ni) shows better catalytic performances in
comparison with other transition metals. Also, the alloying of
two (or more) metals has long appeared as the most straight-
forward approach to achieve electrocatalytic activity for the
HER, such as Ni-S, Ni-Al, Ni-Mo, Ni-Fe, Ni-Mo-Fe, etc**>*. For
example, Ni-Fe-C cathode prepared by cathode electrodeposits
method has a hydrogen overpotential of 65 mV in the 3.5 wt%
NaCl of 90 °C at pH 12;*® Mg-Ni alloy showed the fastest
hydrogen generation rate (23.8 mL min~ ' g~ ') that is 1300 times
faster than that (0.017 mL min~' g~ ") of pure Mg;** Ti/NiM (M =
Co, Cu, Mo, Au, Pt) electrodes prepared by electrodepositing
NiM alloys on etched Ti foil show relatively good long-term
stability at —1.0 V vs. RHE over 10 h.””

Based on prior works, Ni-Fe is one of the most attractive
catalysts in HER by seawater electrolysis.”> The addition of Cr
element improves the material's corrosion resistance signifi-
cantly.”® Our team has studied porous Ni-Cr-Fe cathode which
shows significant catalytic performance in 6 M KOH solution,
the Tafel slope is —130 mV dec™ ', and the exchange current
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density is 7 x 10~* A cm ™2 at elevated temperature.” It is also
found that Ni-Fe-C cathode owns benefit of good catalytic
activity and stability for HER, and the observed activity is mainly
due to the intrinsic activity induced by carbon embedded into
Ni-Fe matrix.?*** In addition, various authors have demon-
strated that titanium and its alloys are widely used in the
aerospace, automotive, chemical, and biomedical industries
owing to their excellent corrosion resistance, bio-compatibility,
high specific strength, and low density.**?*® Therefore, there is
extensive research on the facile syntheses of hierarchically
porous Ni-based composites for electrochemical hydrogen
production as well as other energy conversion and storage,
which are calcined from MOF-derived transition metal based
materials.*”~*° In order to increase real activity area of cathode
materials and enhance HER activity, porous alloys which
possess interconnected pores are used to promote the hydrogen
bubble separation from electrode surface.

In this work, four different kinds of porous Ni-alloy elec-
trodes—Ni-Cr-Fe, Ni-Fe-Mo, Ni-Fe-C and Ni-Ti—have been
fabricated by elemental powder reactive synthesis methods. The
aim of the present work is to study the electrocatalytic perfor-
mance, stability and corrosion resistance of the developed
electrodes for HER in seawater.

2. Experimental
2.1 Preparation of porous Ni-alloy electrodes

Commercially pure powders were mixed respectively according
to Table 1. These powders were dry-mixed in a tumbler ball mill
for 10 h, followed by cold pressing into compact with a dimen-
sion of 7 mm x 25 mm x 2 mm under a pressure of 90 MPa.
The specimens were then sintered respectively at temperatures
of 850 °C, 800 °C, 1100 °C and 1100 °C in a vacuum furnace
under 1 x 107> Pa, as seen from Table 1. Porous Ni-Cr-Fe
electrodes with sintering temperature of 1000 °C, 1100 °C and
1150 °C were also prepared for comparing the HER activities.
The four kinds of as-obtained porous materials were examined
by X-ray diffraction (XRD) to identify the phase composition and
corresponding crystalline structures. Back scattered electron
diffraction (BSED) and energy dispersive X-ray spectroscope
(EDS) were used to observe the microstructure and analyze the
components of the four kinds of porous electrode materials
after sintering process.

2.2 Characterization of porous Ni-alloy electrodes

In order to examine the surface microstructure and composi-
tion of the prepared samples, a field-emission scanning

Table 1 Main preparation parameters of the four kinds of electrodes
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electron microscope (Nova NanoSEM 230, FEI Co., Hillsboro,
OR, USA) and X-ray diffractometer (Rigaku Corp., Kyoto, Japan)
were used in research. The open porosity of the porous mate-
rials was determined according to Archimedes' method.

All the electrochemical tests were carried out using a CS350
electrochemical workstation in a standard three-electrode
electrochemical cell at room temperature (298 K) in artificial
seawater solution. The artificial seawater was prepared by the
following composition: 26.726 g L™ " NaCl, 2.260 g L™ MgCl,,
3.248 g L' MgS0,, 1.153 g L' CaCl,, 0.198 g L' NaHCO;,
0.721 g L' KCl. We dissolved these composition in distilled
water and stirred evenly to obtain the artificial seawater. Pt foil
and saturated calomel electrode (SCE) were used as the counter
and reference electrodes, respectively. The latter was connected
to the working electrode via a Luggin capillary positioned close
to the working electrode. Before electrochemical testing, the
prepared electrodes were sealed by silicone rubber, only leaving
1 cm” of the total area of the working electrodes exposed to the
seawater electrolyte. The electrochemical characterizations of
the prepared specimens were measured by cyclic voltammetry
(CV), cathodic polarization and electrochemical impedance
spectroscopy (EIS) techniques. Each electrochemical experi-
ment was repeated three times with a fresh specimen for each
test. The linear sweep cathodic polarization curves were
measured by scanning a potential from —0.01 V to —2.2 V
(versus the open circuit potential), at the scan rate of 1 mV s ™.
The CV curves were recorded at scan rates ranging from 1 to
40 mV s~ . Prior to each measurement the working electrodes
were conditioned at —1.2 V vs. SCE for 30 min to reduce oxide
film on the electrode surface. EIS experiments were conducted
in the frequency range of 100 kHz to 0.01 Hz for the HER by
applying alternating current signal of 10 mV peak to peak.

3. Results and discussion

3.1 Morphology characterization of porous Ni-alloy
electrodes

The morphology of the prepared electrodes is shown in Fig. 1.
All electrodes are interconnected and show similar and irreg-
ular shaped pores with high porosity. Moreover, there are some
small pores existing in the walls of the bigger pores, as man-
ifested by the interconnection between these pores; thus, the
inner walls of the pores are generally unsmooth. All surfaces
exhibit a rough surface which contributes to provide more
active sites for HER. It is generally believed that increasing the
surface area is one method to enhance the activity of cathode

Porous electrode Powder particle size

Ratio (in weight) Sintering temperature (°C)

Ni-Cr-Fe Ni, Cr, Fe (3-5 um)

Ni-Fe-Mo Ni, Fe, Mo (3-5 um)

Ni-Fe-C Ni, Fe (3-5 pm); C (~38.5 pm)
Ni-Ti Ni, Ti (3-5 um)
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Fig. 1 SEM morphology of porous (a) Ni—-Cr—Fe, (b) Ni-Fe—Mo, (c) Ni-Fe—-C, (d) Ni-Ti electrode.

Table 2 Pore structure parameters of the prepared four kinds of
electrodes

Porous electrode Porosity (%)

Ni-Cr-Fe 23.05
Ni-Fe-Mo 20.47
Ni-Fe-C 25.27
Ni-Ti 29.05

materials. Their pore structure parameters are shown in
Table 2. These four kinds of electrodes have a similar porosity.

3.2 Microstructure analyses of porous Ni-alloy electrodes

The phase composition and crystalline structure were charac-
terized by XRD. Fig. 2 shows the comparison of the XRD
patterns of the four different electrodes. The patterns indicate
that the prepared four kinds of materials have a very similar
crystal structure, the main diffraction peaks are (111), (200) and
(220) due to the face centered cubic (fcc) phase presented on the
electrodes. A wide peak at 20 = 44.5° is appeared in all curves,
which suggests that all the electrodes have amorphous struc-
ture. The amorphous structure is found to expose more active
sites due to their unsaturated sites on the surface.** As shown in
Fig. 2, porous Ni-Cr-Fe electrode consists of the solid solution
phase of (Ni, Cr, Fe) only. As for porous Ni-Fe-Mo electrode, the
solid solution phase of (Ni, Fe, Mo) and NiMo compound are
mainly formed, along with a small part of NiFe and FeMo
compounds. As for porous Ni-Fe-C electrode, the peaks corre-
spond to characteristic peaks of taenite iron-nickel, and the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 XRD patterns of porous Ni—-Cr—Fe, Ni-Fe—Mo, Ni-Fe-C and
Ni-Ti electrodes.

diffraction peaks of C can also be observed. As for porous Ni-Ti
electrode, there are no elemental Ti and Ni detectable on the
electrode. NiTi appears as the main phase, Ti,Ni and TiNi; are
also detected.

According to the results of BSED and EDS, as for porous Ni-
Cr-Fe, a large part of Fig. 3a shows the dark gray matrix of (Ni,
Cr, Fe) solid solution and rest part shows the light gray phase of
solid solution containing NiCr and NiFe compound. The results
indicate that uniform and stable solid solution phases are
mainly formed in porous Ni-Cr-Fe alloy. In Fig. 3b, most of the
areas are gray, the EDS results show that they are the matrix
phase of NiFeMo solid solution with a small amount of Mo
element; the white area is the agglomerate of Mo element with

RSC Adv, 2020, 10, 44933-44945 | 44935
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Fig. 3 BSED and EDS results of porous (a) Ni-Cr—Fe; (b) Ni-Fe—Mo;
(c) Ni-Fe—-C; (d) Ni—Ti electrodes.

a small amount of Ni and Fe elements; the light gray area is the
solid solution phase with a small amount of NiMo and NiFe
compounds; the dark gray area next to the pores is mainly the

44936 | RSC Adv, 2020, 10, 44933-44945
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NiFe compound phase. The BSED pattern of porous Ni-Fe-C
alloy in Fig. 3c is uniform and composed of the diffusion of
Ni;Fe and C. In Fig. 3d, for porous Ni-Ti alloy, the light gray area
is NiTi austenitic phase with a small amount of Ni;Ti phase,
while the dark gray area is NiTi austenitic phase with a small
amount of NiTi, phase.

3.3 Electrocatalytic activity of porous Ni-alloy electrodes

The electrocatalytic activity of the four specimens as electrodes
for HER in seawater solution is investigated for comparison.
Cyclic voltammetry (CV) was employed to measure the double
layer capacity of the electrodes and typical CV recorded at
different scan rates is displayed in Fig. 4a-d. In the regions
shown in Fig. 4a-d, the average value of capacitive current is
proportional to the double layer capacitance, and the average
value of double layer current densities jqiave With scan rate is
described as following:**

jdl,ave = (I]cl + I]d|)/2 = Cdl(dE/dt) (1)

where Cq is the double layer capacitance of electrode, and j. and j,
are cathodic and anodic current density, respectively. Curves of
current density against scan rate for all the four kinds of studied
electrodes show a good linear relationship, as presented in Fig. 4e.
Therefore, the capacitances of four electrodes can be estimated
from the slopes. The relative magnitude of the roughness factor,
Ry, which represents the real surface of the electrode,** is calcu-
lated by assuming the value of 20 mF cm ™ for the capacitance of
smooth mercury electrode, and the results are summarized in
Table 3. The results indicate that both the capacitance order and
roughness factor order are: porous Ni-Ti > porous Ni-Fe-C >
porous Ni-Cr-Fe > porous Ni-Fe-Mo, indicating that porous Ni-
Cr-Fe has the relatively smaller surface area.

Fig. 4f shows the cyclic voltammograms of the four kinds of
electrodes with a scan rate of 5 mV s~ ' at ambient temperature
in seawater solution. As shown in Fig. 4f, the shapes of the CV
curves for the four kinds of electrodes are similar with each
other. The reduction peaks of hydrogen evolution include R1,
R2, R3 and R4. The oxidation peaks O1, 02, O3 and O4 are
corresponding to the hydrogen desorption reaction. The
intensity of the hydrogen desorption peak of the porous elec-
trodes is in direct proportion to that of the hydrogen evolution
reaction. Among these four kinds of electrodes, the HER peaks
of porous Ni-Cr-Fe electrode (R1) show much higher intensities
at respective overpotentials.

In neutral solution, Ni alloys behave like an electropositive
metal because the anodic process is the oxidation of nickel to
a slightly soluble hydroxide or oxide:***

Ni + 20H™ = -Ni(OH), + 2¢~ @)
Ni + 2H,0 = NiO + 2H" + 2¢~ 3)

whereas, when this passive electrode is anodized further, nickel
oxyhydroxide appears:

Ni(OH), + OH™ = NiOOH + H,0 + ¢~ (4)

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a—d) Cyclic voltammograms in the double layer region of porous Ni-alloy electrodes at scan rates ranging from 1 to 40 mV s~*: (a) Ni—
Cr—Fe; (b) Ni-Fe—Mo; (c) Ni-Fe-C; (d) Ni—Ti. (e) Mean current density as a function of scan rate for the electrodes. (f) Cyclic voltammograms of

the four kinds of electrodes in the scan range —2.0 V to 0.5 V at 298 K.

Table 3 Capacitance and surface

electrocatalysts

roughness of the porous

Porous electrode Car (LF em™?) R¢
Ni-Cr-Fe 3058.04 152.902
Ni-Fe-Mo 994.937 49.747
Ni-Fe-C 28 587.9 1429.395
Ni-Ti 35976 1798.8

This journal is © The Royal Society of Chemistry 2020

This electrochemical oxidation causes the release of a proton
from the Ni hydroxide layer to produce H,0.*~** Compared with
the other three kinds of electrodes, the increase in the anodic
peak current of porous Ni-Cr-Fe electrode renders the material
with better properties. The capacity of charge can be indicated
by the broad region observed in the anodic scan, ie. the
quantity of hydrogen in the cathode materials; below this
region, the current rapidly increases in the negative direction. It
should be noted that the anodic polarization current for the

RSC Adv, 2020, 10, 44933-44945 | 44937
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prepared cathode materials consists of two typical steps—the
hydrogen charge transfer reaction across the electrode-elec-
trolyte interface and hydrogen diffusion in the surface. Thus,
our investigation indicates that the porous Ni-Cr-Fe has higher
HER activity. It can be inferred that the high catalytic perfor-
mance is not just because of its surface area.

The linear sweep cathodic polarization for HER in seawater
is illustrated in Fig. 5. It shows that the cathodic current
densities of the four electrodes increase with the increase of the
overpotential. As shown in Fig. 5a, among four kinds of porous
electrodes, the catalytic property of porous Ni-Cr-Fe electrode
is higher than others, which only needs potential of —1.543 V to

0.0
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E .04
<
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Fig. 5
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achieve current density of 100 mA cm 2. This is in accordance
with the results of the cyclic voltammograms (Fig. 4f)
mentioned before. Notice that although porous Ni-Ti electrode
has the highest surface area among the four kinds of electrodes,
the catalytic performance of Ni-Ti is much worse than that of
Ni-Cr-Fe electrode. However, Fig. 5a has shown that Ni-Cr-Fe
exhibit the best catalytic performance, indicating that the high
electrocatalytic activity of porous Ni-Cr-Fe electrode is likely
due to the high solubility of Cr and Fe atoms on the Ni matrix
and the synergistic effect among them for catalysis of the HER.
Moreover, porous Ni-Cr-Fe with the composition of 7:2:1
sintered under the temperature of 850 °C displays the best

0.04 (b

— 850 ;=

—1000 ;2
—1100 ;e
— 1150 ;e

I(Acm?)

T
-1.5
E/V vs SCE

834 (d)

-84

Ea=27.57 KJ mol "

logI[I(A cm™)]

: . : . .
3.0 3.1 32 33 34
1/Tx10° (K

(a) The cathodic linear sweep for the HER of the four kinds of porous electrodes; (b) the cathodic linear sweep for the HER on the porous

Ni—Cr—Fe electrode with the same composition sintered at different temperatures; (c) the cathodic linear sweep for the HER on the porous Ni-
Cr—Fe electrode at temperature range from 298 K to 328 K; (d) Arrhenius plots: semi-logarithmic dependence of exchange current density on

inverse temperature for the porous Ni—Cr—Fe electrode in seawater.

Table 4 Comparison of HER parameters for different catalytic electrodes

—b Onset potential
Porous electrode (mV dec™) i 47v(mAcm™?) (V vs. SCE) I_47 v/Rs (MA cm™?)
Ni-Cr-Fe 201.5 —263.85 —-1.33 1.73
Ni-Fe-Mo 283.2 —76.942 —1.28 0.3
Ni-Fe-C 256.3 —108.35 —-1.24 0.07
Ni-Ti 248.5 —193.43 —1.04 0.26
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Table 5 Kinetics parameters from the polarization curves for the
porous Ni—Cr—Fe electrode, obtained at different temperature

T (K) —b (mV dec™) io (A cm™?)
298 201.5 1.91 x 10°°
308 185.3 2.11 x 107°
318 173.7 3.52 x 10~°
328 161.8 5.01 x 10~°

activity for the HER. Based on this, without special version, all
the figures and tables about porous Ni-Cr-Fe electrode illus-
trate the performance of it under the sintering temperature of
850 °C.

In order to deep understand the HER mechanism of porous
electrodes, the Tafel slope of the four electrodes on the linear
scan curve of the lower overpotential region is used to analyze
the HER process, as summarized in Table 4. It indicates that
HER on all investigated electrodes can be described by Tafel
equation:

n=>blogi+a

(5)

where 7 is the potential after iR correction, b is the Tafel slope, i
is the current density and a is the Tafel constant. Exchange
current density i, can be determined by eqn (6):

a = (2.3RD)/(an.F) x log iy (6)

The charge-transfer coefficient, «, can be obtained from the
Tafel slope by using eqn (7):

-250
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b = —(2.3RD)/(an.F) (7)

where n,. represents the exchanged electrons, and R (=8.314 ]
mol ' K™') and F (=96 485C mol ') are the gas and the Faraday
constants, respectively. It is well established that the mecha-
nism of the HER on a metallic electrode M in aqueous basic
solution involves the proton discharge electrosorption (Volmer
reaction, eqn (8)), electrochemical desorption (Heyrovsky reac-
tion, eqn (9)) and H recombination (Tafel reaction, eqn (10)):*

M + HQO +e — MHads + OH™ (8)
MHads + H20 +e — H2 +M + OH™ (9)
MHads + MHads - H2 +M (10)

where MH,q4s represents hydrogen adsorbed on the electrode
surface. As shown in Table 4, the Tafel slopes of porous Ni-Cr-
Fe, Ni-Fe-Mo, Ni-Fe-C, Ni-Ti are —201.5, —283.2, —256.3 and
—248.5 mV dec !, respectively. Porous Ni-Cr-Fe exhibits
a small Tafel slope, suggesting a higher HER activity. It is
considered that a small Tafel slope is highly desirable for
practical applications, because it ensures the energy efficiency
and promotes hydrogen evolution with a small overpotential. As
widely accepted, Tafel slopes of 120, 40 and 30 mV dec™ " are
observed for the Volmer, Heyrovsky and Tafel determining rate
steps, respectively. The Tafel slope values of the four electrodes
are higher than 120 mV dec ', suggesting that hydrogen
evolution on the four electrodes is probably controlled by the
Volmer mechanism (eqn (8)) and the charge transfer reaction is
regarded as the rate determinating step for HER. The Volmer
reaction is a primary reaction for HER, which produces adsor-
bed H atoms (H,qs) on the electrode surface by the discharge of
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$
- 2 451
5 2
N £
154
0 T T T T 0-+= 1
0 200 400 600 800 0.01 0.1 1 10 100 1000 10000 100000
y/X(9) cmz) Frequency / Hz
C
© Rs CPE1
N \
’
Rp CPE2
Rct

Fig. 6
frequency; (c) equivalent circuit model.
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H,O0. As shown in Table 4, at the same cathode potential (—1.7
V), the current densities value (i_; ; v) of HER on porous Ni-Cr-
Fe electrode is higher than those on the three other electrodes.
Meanwhile, porous Ni-Cr-Fe electrode is found to possess the
maximum {_;; v/Rf, which means that its intrinsic catalytic
activity is about 6 times higher than that of other electrodes. So
the intrinsic activity of porous Ni-Cr-Fe electrode plays
a leading role in the hydrogen evolution process. A general
conclusion found in the literature is that the intrinsic activity
for the HER is related to the electronic structure of metals.
Kita®** proposed that the intrinsic activity of metals for HER
was related to the outer shell electronic configuration of
elements in their ground state. It increased with the increase of
the number of the d-electrons and reached the maximum
activity for nearly filled d-orbitals.

Fig. 5¢ presents polarization curves obtained for the porous
Ni-Cr-Fe alloy at temperatures ranging from 298 to 328 K. As
shown in Fig. 5c, the polarization curves exhibit the expected
behavior. The increase of temperature leads to a significant
reduction of the overpotential and an increase of the exchange
current density. The Tafel slopes (b) and exchange current
densities (i) at different temperatures are shown in Table 5. For
a single rate-limited thermally activated process, the curve of
log i, against T~ ' exhibits a linear relationship. The apparent
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activation energy can be determined according to the slope of
the curve. The apparent energy of activation for the porous Ni-
Cr-Fe electrode has been calculated from the slope of the
Arrhenius plot presented in Fig. 5d according to the following
equation:*®

log ip = log A — E,/2.303RT (11)
where i, is the exchange current density, A is a pre-exponential
factor, E, is the activation energy, R is the gas constant and T is
the absolute temperature. Fig. 5d reveals that the activation
energy of the porous Ni-Cr-Fe electrode is 27.57 k] mol *, lower
than those obtained on Ni (35 kJ mol™"), Fe (39 kJ mol™") and
Ni-Fe (31 kJ mol~")** in alkaline solution (Because of the fewer
research on hydrogen evolution from seawater electrolysis,
there is almost no literature we can find about the activation
energy in seawater solution, we reference the data in alkaline
solution here). Apparently, porous Ni-Cr-Fe shows higher
catalytic activity by reducing the activation energy of the reac-
tion. The enhanced activity is attributed to its higher intrinsic
activity.

To characterize the electrocatalytic activity of porous Ni-Cr-
Fe electrode, the EIS analysis is carried out at different over-
potential values (p = 0, —0.1, —0.15 and —0.2 V). The impedance
data obtained from the EIS tests are presented in the form of
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Fig.7 Cyclic voltammograms in seawater at a scan rate of 10 mV s~* from —1.5 to —0.9 V for the first cycle and the 500th cycle of (a) Ni-Cr—Fe;

(b) Ni-Fe-Mo; (c) Ni-Fe-C; (d) Ni-Ti.
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Table 6 The current decay after 500 cycles for HER
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Porous electrode i_15v of 1st (mA cm™?)

i_15 v of 500th (mA cm?) Current decay (%)

Ni-Cr-Fe 111.46
Ni-Fe-Mo 37.40
Ni-Fe-C 61.70
Ni-Ti 99.40

74.49 33.17
24.55 34.36
32.05 48.05
65.48 34.20

Fig. 8 SEM morphology of porous (a) Ni-Cr—Fe, (b) Ni-Fe—Mo, (c) Ni-Fe-C, (d) Ni-Ti electrode after 500 cycles.

both Nyquist and Bode diagrams, the EIS data are fitted with the
Armstrong equivalent circuit model, as shown in Fig. 6. In Bode
spectrum (Fig. 6b), a broaden peak in high frequency (HF) range
and a small peak at low frequency (LF) range could be seen,
indicating the presence of two time constants. These two time
constants can also be represented by the two semicircles at HF
and LF range in Nyquist diagram (Fig. 6a). The EIS data are
fitted according to the electrical equivalent circuit (EEC) model,
which was first proposed by Armstrong and Henderson,* as
shown in Fig. 6c. This model reflects the response of HER
system characterized by two time constants, the first time
constant is related to the charge transfer kinetics, while the
second time constant is related to the hydrogen adsorption.>¢*
This is in accordance with the results mentioned before:
hydrogen evolution in seawater on the porous Ni-Cr-Fe

This journal is © The Royal Society of Chemistry 2020
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Fig.9 Evolution of open circuit potential over time for porous Ni-alloy
electrodes.
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Fig. 10 Tafel polarization curves of the four kinds of porous elec-
trodes in seawater.

electrode is controlled by the Volmer mechanism and the charge
transfer reaction is regarded as the rate determinating step for
HER. As could be seen in Fig. 6a, the two time constants are
overpotential-dependent, ie. both the LF and HF semicircles
decrease with increase of overpotential. In the EEC shown in
Fig. 6¢c, each element stands for different meaning. Ry is the
solution resistance. CPE; is related to the double layer capacitance
(Cq1)- R is the charge transfer resistance. CPE, is the constant

View Article Online
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phase element of the pseudo-capacitance (Cp), and Ry, is associated
with the resistance of the adsorbed intermediate H,q4s. The overall
rate of the HER is related to both the charge transfer resistance
(Rey) and hydrogen adsorption resistance (Rp).

In conclusion, porous Ni-Cr-Fe electrode exhibits extremely
electrocatalytic performance for HER in seawater compared
with the other three kinds of electrodes, which can mainly be
ascribed to the high solubility of Cr and Fe atoms in the Ni
matrix and the higher intrinsic catalytic activity.

3.4 Electrocatalytic stability of porous Ni-alloy electrodes

Apart from the high catalytic activity, the relatively good dura-
bility of the cathode materials is also of great significance for
practical applications. By recording CV curves from —1.5 to
—0.9 V in seawater at 298 K for 500 cycles, the electrochemical
stability is investigated and their suitability for the possible
industrial application is evaluated, as shown in Fig. 7. Table 6
depicts that the porous Ni-Cr-Fe electrode possesses the
smallest current decay (33.17%) after 500 cycles as compared to
the cathodic current density in the first cycle in seawater. In
Fig. 8, there is little difference before and after long-term
measurements for porous Ni-Cr-Fe. Combined with the
current decay and SEM morphology after 500 cycles. These
results suggest that porous Ni-Cr-Fe electrode has higher

Fig. 11 SEM morphology of porous (a) Ni-Cr—Fe, (b) Ni-Fe—Mo, (c) Ni

44942 | RSC Adv, 2020, 10, 44933-44945

—Fe-C, (d) Ni-Ti electrode after corrosion resistance.
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electrochemical stability for hydrogen evolution than the other
tested electrodes.

3.5 Corrosion resistance of porous Ni-alloy electrodes

Fig. 9 presents the evolution of the open circuit potential as
a function of time. The open circuit potentials of porous Ni-Cr-
Fe, Ni-Fe-Mo, Ni-Fe-C and Ni-Ti electrodes start from a value
of —0.243 V, —0.975 V, —0.388 V and —0.946 V, respectively.
Then this value shifts to a noble direction before becoming
stabilized, which demonstrates its good electrochemical
stability. The change of the open circuit potential with time
suggests the formation of passive film on the four porous
electrodes in seawater solution. In this work, porous Ni-Cr-Fe
electrode exhibits higher positive open circuit potential, indi-
cating a better corrosion resistance.

The Tafel polarization curves of the four electrodes
measured in seawater solution are shown in Fig. 10. According
to the polarization curves, it can be seen that porous Ni-Cr-Fe
electrode has higher corrosion potential than the other three
kinds of electrodes. Fig. 11 shows SEM morphology of the four
porous electrodes after corrosion resistance. As compared with
the samples before electrochemical test, the changes of the pore
structure are not obvious and there is also no pit corrosion or
loosen corrosion product on the surface of the porous Ni-Cr-Fe
electrode. Therefore, porous Ni-Cr-Fe electrode exhibits excel-
lent corrosion resistance in seawater solution.

4. Conclusions

In summary, we have made a category of porous Ni-alloy (Ni-Cr—
Fe, Ni-Fe-Mo, Ni-Fe-C, Ni-Ti) catalytic electrodes by elemental
powder reactive synthesis method. Their catalytic performances
are thoroughly studied by characterizing hydrogen evolution in
real seawater solution. The preliminary results demonstrate
that porous Ni-Cr-Fe electrode has higher catalytic activity,
good long-term stability and corrosion resistance toward HER
processes in seawater due to the high solubility of Cr and Fe
atoms on the Ni matrix and the synergistic interaction among
them for catalysis of the HER. The work presented here is far
from optimized, but the reasonable catalytic activity, durability
and low cost demonstrate that porous Ni-alloy electrodes can be
potentially utilized as catalytic electrodes for high-efficiency
hydrogen evolution by seawater splitting.
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