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Ag1sCusgs binary alloy ribbon, as the precursor, was executed high-temperature oxidation at 650 °C and
dealloying with different durations to fabricate nanoporous silver at different stages. The HER
electrocatalytic performance of nanoporous silver at different stage was tested using open circuit
potential (OCP), linear sweep voltammetry (LSV), and potential polarization curve. The results show
that the nonporous silver electrode in the B1 stage has the best anti-toxic performance, Ecorr is -0.088V,
and the icorr is 1.2x10”" A/cm?; the nanoporous silver electrode in the A2 stage shows the lowest Tafel
slope (45.8 mV dec); at a current density of 10 mA/cm?, the hydrogen evolution overpotential of the
nanoporous silver electrode in the B3 stage is 37.6 mV. From all those electrochemical tests, the
nanoporous silver electrode in the B1 stage exhibited the best comprehensive HER performance.

Keywords: nanoporous silver; hydrogen evolution performance; high-temperature oxidation;
dealloying

1. INTRODUCTION

The most important factor of the sustainable development of humanity is energy [1-5]. Recently,
with the development of the human race, the pollution caused by fossil energy becomes severe
increasingly. Additionally, the production of fossil energy decreased day by day [6]. In this case, clean
energy such as solar energy, wind energy, and tidal energy are exploited. However, that kind of clean
energy could not be matched well between supply and demand due to the intermittency and volatility.
Therefore, new types of clean energy with stable supply are explored.
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Hydrogen energy with high calorific value and high energy density is the most valuable
competitor in plenty of clean energy. Hydrogen, as a reaction product of fuel cells, produces only water
after combustion, which does not produce greenhouse gases. Moreover, hydrogen, as the ideal energy in
the future, could be produced by the electrolysis of water. Consequently, hydrogen energy, as a strong
competitor in the energy field, would be widely employed in the future. Moreover, electrolyze water to
produce hydrogen is considered the vintage pathway to ‘hydrogen economy’ [7,8]. However, the
hydrogen production efficiency in the cathode hydrogen evolution reaction (HER) of water electrolysis
is inseparable from factors such as hydrogen evolution overpotential, current density, electrode material,
and operating temperature. Therefore, a suitable HER electrocatalyst will become an effective strategy
to improve hydrogen production efficiency [9]. According to the currently known HER electrocatalysts,
the Pt-based catalyst has the highest catalytic efficiency. However, the natural reserves of Pt are small,
and the price is high. Therefore, cheaper catalysts for replacing Pt have become a hot spot in this field.
In recent years, nanoporous materials have shown excellent performance in catalysis, energy storage,
sensing, etc., due to their high specific surface area and interface [10-16]. There are few reports on the
research of nanoporous metals in HER catalysis. In our previous work, we found that ultrasonic
irradiation could tune the dealloying process and microstructure of nanoporous silver [17]. However, the
distribution of ligament and pore size is not even, which might lead a bad effect on electrocatalytic
performance. Thus, a new strategy, high-temperature oxidation pretreatment, is developed to fabricate
superior HER electrocatalysts.

This paper takes nanoporous silver (NPS) as the research object. Dealloying and high-
temperature oxidation parameters were modified to control the nanoporous structure and fabricate
nanoporous silver electrodes at different stage. Nanoporous silver electrode at different stage was used
as the working electrode to test the HER performance. and prepares nanoporous silver in different
conditions by controlling the dealloying time and high-temperature oxidation pretreatment time.
Comparing the catalytic performance of nanoporous silver in different states in HER provides a
theoretical basis for the preparation of high-efficiency HER electrocatalysts.

2. EXPERIMENTAL

The specimens, as the working electrode, was fabricated by dealloying AgisCuss alloy ribbon,
which was designed as the precursor alloy.

The Ag1sCuss precursor alloys ribbon, with a thickness of ~60 um, were cut into 10mm X 10mm.
In addition, before the dealloying process the precursors were oxidized at 650 °C with the duration of 1
min, 3 min and 5 min, respectively. Moreover, the dealloying process was executed in a constant
temperature water bath. The dealloying medium used in this research was 5 % aqueous nitric acid, and
the dealloying temperature was 45 °C. The dealloying duration was divided into three different
conditions to explore the effect of dealloying duration on HER catalytic performance. Additionally, the
dealloying products were the working electrodes in the HER test. The fabrication process of NPS at
different stages is shown in Table 1. Besides, the scanning electron microscope (FEI QUANTA 450)
equipped with an energy dispersive X-ray spectrometer (EDS) were used to characterize the morphology
of the oxidized ribbon and de-alloyed ribbon.
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Table 1 fabricating condition of NPS

Numbering Temperature of Oxidation_ duration Dealloying duration
oxidation (HTO) (°C) (min) (min)
Al 15
A2 1 30
A3 60
Bl 15
B2 650 3 30
B3 60
Cl 15
C2 5 30
3 60

The electrocatalyst performance was investigated in a three-electrode system. The working
electrodes were cleaned in absolute ethanol and dried in a constant temperature drying oven before the
electrochemistry test. The electrochemistry tests were carried out in Corrtest electrochemical
workstation. Commercial Pt was selected as the counter electrode; saturated calomel electrode was
selected as the reference electrode. The electrolyte solution was 0.5M/L nitrogen-saturated sulfuric acid
aqueous solution. The scanning speed of linear sweep voltammetry and dynamic potential polarization
were 5 mV/s and 0.5 mV/s, respectively.

3. RESULTS and DISCISSION

3.1 Morphology characterization

Figure 1 showed the SEM image of AgisCuss alloy ribbon after high-temperature oxidation with
different durations. When the high-temperature oxidation process lasted for 1 min, island oxides
appeared on the surface of the alloy ribbon, as shown in Fig 1(a). As the oxidation time increases, the
area of island oxidation increases gradually, as shown in Fig 1(b-c). It can be seen from the EDS results
that the main components of the island oxide formed on the surface of the alloy ribbon are Cu and O.
According to the atomic ratio, the oxides on the surface are CuO and Cu2Orespectively. In addition,
there are unevenly precipitated Ag particles on the surface of the oxide film, as shown in Fig. 1(a).
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Figure 1. SEM images of Agi5Cusgs ribbon under 650 °C oxidization with different durations: (a) 1 min,
(b) 3 min, and (c) 5 min. The EDS results are illustrated.

Figure 2 showed the SEM morphologies of alloy ribbons under high-temperature oxidation with
different durations being de-alloyed for 15 min, 30 min, and 60 min, respectively. The alloy ribbons
after high-temperature oxidation with different durations exihibited different sizes and three-dimensional
ligament/pore structure NPS in the initial stage of dealloying. With the extension of oxidation time, the
size of the ligament of NPS increased significantly, as shown in Fig. 2(a, d, g). As the dealloying process
continues, the uniformity of nanoporous silver ligaments/pores prepared from alloy ribbons with
different high-temperature oxidation times have changed significantly. For the alloy ribbon under the
same high-temperature oxidation duration, the nanoporous silver ligament/pore structure obtained after
dealloying for 1 hour was the most uniform. In addition, the uniformity of the ligaments/pores obtained
after dealloying was affected by the high-temperature oxidation duration. The nanoporous silver
fabricated from the alloy ribbon under the high-temperature oxidation for three minutes exhibited an
ultra-uniform ligament/pore structure at the same dealloying time, as shown in Fig. 2(d-f). The island
oxide layer has an impact on the ligament/pore structure during the dealloying process.And the precursor
undergoes a suitable high-temperature oxidation pretreatment would form a more uniform ligament/pore
structure which might be beneficial for electrocatalytic performance during the dealloying process.
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Figure 2. SEM images of high-temperature oxidation (HTO) pretreatment AgisCuss ribbons de-alloyed
at 45 °C, 5% HNOz3 with different durations, HTO 1 min: (a) 15 min, (b) 30 min, (c) 60 min;
HTO 3 min: (d) 15 min, (e) 30 min, (f) 60 min; HTO 5 min: (g) 15 min, (h) 30 min, (i) 60 min.

3.2 Corrosion resistance test

Figure 3 showed the open circuit potential (OCP) curves of NPS in different states. As we all
know, the OCP curve is the relationship between corrosion potential and immersion time. In a 0.5M/L
sulfuric acid aqueous solution saturated with nitrogen, the OCP curves of NPS in different states
gradually stabilized, which indicates that a passivation layer (usually an oxide) was formed during the
test. After being immersed in a 0.5M/L sulfuric acid aqueous solution saturated with nitrogen for 900 s,
the OCP values of NPS in different states were not much different except C3. The OCP value of NPS
prepared after 1 min and 3 min high-temperature oxidation did not change significantly with the
extension of dealloying time. The OCP value of NPS prepared after 5 min high-temperature oxidation
has changed significantly with the increase of dealloying time, which indicates that the high-temperature
oxidation process will affect the electrical properties of NPS.
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Figure 3. The OCP curves of different stage nanoporous silver at N, saturated 0.5M/L H>SO4 aqueous
solution.
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Figure 4. Polarization curves of different stage nanoporous silver at N> saturated 0.5M/L H.SO4 aqueous
solution.

Figure 4 showed the potentiodynamic polarization curves of NPS at different stages in a 0.5M/L
nitrogen-saturated HSO4 solution. In order to study the anti-toxicity of NPS electrocatalysts at different
stages, the fitted results of polarization curves were recorded in Table 2. According to the corrosion
Kinetics, the corrosion tendency of material was related to the self-corrosion potential (Ecorr) of the
material itself. The lower the Ecorr of the material, the greater the corrosion tendency of the material.
According to the fitted results (Table 2), when the high-temperature oxidation condition and the
dealloying time were the same, A2, B1, and C3 all exhibited higher Ecorr. In addition, the NPS in the
B1 stage exhibited a very high self-corrosion potential, and the corrosion current density (icorr) was 2-
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4 orders of magnitude lower than that of the samples in other crafts, which showed that the samples in
the B1 stage are better than those in other stages. In the same way, the anti-drug ability was stronger.

Table 2 Electrochemical parameters of nanoporous silver at different stage

Numberi ng Icorr (A/sz) Ecorr (VSCE)
Al 1.5x10° -0.491
A2 5.3x10™ -0.374
A3 6.7x10° -0.488
Bl 1.2x1077 -0.088
B2 7.8x10* -0.445
B3 1.8x10°3 -0.498
C1l 4.9x10° -0.424
C2 5.6x10° -0.472
C3 8.8x10° -0.398

3.2 Catalytic performance of NPS electrode in different stages for HER

Figure 5 showed the Tafel curve of NPS at different stages in a 0.5M/L nitrogen-saturated H2SO4
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Figure 5. Tafel slope of different stage nanoporous silver at N. saturated 0.5M/L H>SO4 aqueous

solution.
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It is obvious from Fig. 5(a) that with the extension of the dealloying time, the Tafel curve shifted
to lower hydrogen evolution overpotential under the high-temperature oxidation of 1 min. The results
showed that the extension of dealloying time was beneficial to improve the catalytic activity of the
electrode. As is shown in Fig. 5(b), when the high-temperature oxidation was 3 minutes, with the
extension of the dealloying time, the Tafel curve first shifted to the higher hydrogen evolution
overpotential. It then moved to the lower hydrogen evolution overpotential. As can be seen from the
result of Fig. 5(c), with the extension of dealloying time at high-temperature oxidation for 5 minutes, the
Tafel curve gradually shifted to higher hydrogen evolution overpotential first, and then moved to lower
hydrogen evolution overpotential, which indicates that the extension of high-temperature oxidation time
would decrease the catalytic activity of the electrode.

The linear sweep voltammetry (LSV) curves of NPS at different stages in a 0.5M/L nitrogen-
saturated H>SO4 solution were shown in Fig. 6(a). It can be seen from the results of LSV test shown in
Fig. 6(a) that the hydrogen evolution overpotential of the NPS sample after dealloying for 15
minutes(C1) is the lowest than that of other NPS electrode at the same current density under high-
temperature oxidation for 5 min. When the high-temperature oxidation duration was 1 min and 3 min,
the hydrogen evolution overpotential of the NPS sample exhibited the same hydrogen evolution
overpotential at the same dealloying duration under the current density range of 0 -50 mA/cm™. In
addition, under the same current density, the hydrogen evolution overpotential of B1 was the lowest than
that of others, which means that the catalytic activity of the B1 electrode is the highest in this research.
Hydrogen evolution overpotential was the main factor that affects the H adsorption and desorption
process. Lower hydrogen evolution overpotential would make the H adsorption and desorption process
easier to occur, accelerate the reaction speed and improve the efficiency of hydrogen evolution.

Figure 6(b) showed the comparison of the hydrogen evolution performance between NPS
electrode, with the best HER performance, fabricated in this work and the reported electrocatalytic
performance of representative acid media under the 0.5M/L H>SO4 aqueous solution condition. When
the current density was 10 mA cm2, the hydrogen evolution overpotential of the NPS electrode prepared
in this work was between 1/2-1/5 of the reported hydrogen evolution electrocatalyst. The results showed
that the hydrogen evolution overpotential of NPS was lower than most of the reported electrocatalysis
introduced in this work, which means that the NPS electrodes were more conducive to the adsorption
and desorption of H*. In addition, the Tafel slopes of NPS at different stages were not much different
from the reported acidic hydrogen evolution electrocatalysts except the NPS electrodes fabricated under
B3 and C1 conditions. The Tafel slope of other NPS electrodes were all between 45 mV dec™ - 65 mV
dect. Although the NPS electrocatalyst with the best hydrogen evolution reaction performance,
fabricated in this work was not as good as the commercial Pt reported in the research [18,19], it was
slightly better than most of the reported hydrogen evolution electrocatalysts shown in Fig. 6(b) [20-35].
The results indicated that the hydrogen evolution electrocatalysis efficiency of NPS electrodes would
have higher electrocatalytic activity.
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Figure 6. (a) LSV curves of different stage nanoporous silver at N saturated 0.5M/L H2SO4 aqueous
solution, (b) comparison of HER performance between nanoporous silver at different stage and
other HER electrocatalysts under 0.5M/L H2SO4 aqueous solution condition.

4. CONCLUSIONS

This work takes the AgisCugs alloy ribbon as the research object. After high-temperature
oxidation treatment at 650 °C for different times, the ally ribbon was executed dealloying process with
a duration between 15 min — 60min to fabricate nanoporous silver electrode. Then, the NPS electrode
was tested in a 0.5M/L nitrogen-saturated H2SO4 solution. The conclusions are as follows.

After the AgisCusgs alloy ribbon is oxidized at high-temperature, island oxides are produced on
the surface. With the extension of the high-temperature oxidation duration, the island oxide on the
surface gradually grows up.

The precursor alloy, after high-temperature oxidation, exhibited different kinds of nanoporous
structures during the dealloying process. When the high-temperature oxidation is 3 min, the nanoporous
structure obtained by dealloying is more uniform.

The different stages of nanoporous silver electrodes obtained after dealloying exhibited different
electrochemical performances. The NPS electrode fabricated by A2 condition showed the lowest Tafel
slope (45.8 mV dec?), and the NPS electrode fabricated B1 condition exhibited the strongest anti-toxic
performance, the NPS electrode fabricated C1 condition exhibited the lowest hydrogen evolution
overpotential. In general, the NPS electrode fabricated B1 condition exhibited superior comprehensive
performance.
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