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Abstract: Magnesium-dissolved oxygen seawater batteries have open structures and flow seawater
as electrolytes. These two features attract much attention. The cathode electrode is one of the key
components that affect the performance of seawater batteries. In this study, seawater batteries with
carbon cathodes made from three commercial carbons were investigated and discussed. The porous
structure of the cathode was adjusted by changing the mass ratio between polytetrafluoroethylene
(PTFE) and carbon materials. The binder ratios range from 10% to 50%. The structure of the different
porous carbon cathodes was characterized, and the discharging performance was analyzed. Results
showed that the number of pores with diameters of 2-10 nm decreased as the PTFE ratio increased.
Meanwhile, as the PTFE ratio increased from 10% to 50%, the seawater battery discharging voltage
and capacity were first inhibited when the PTFE ratio was less than 20% but then promoted. It
revealed that a balance should be achieved between the number of reaction sites and the paths for
oxygen transfer. Moreover, the oxygen transfer in the porous electrode is more important for batteries
working in seawater. This study practically investigates seawater batteries with various PTFE binder
ratios and provides a reference for the design of magnesium-dissolved oxygen seawater batteries.

Keywords: binder ratio; porous structure; mass transfer; seawater battery

1. Introduction

In recent years, the energy shortage has become a serious problem due to the depletion
of fossil fuels [1]. The use of renewable energy is one effective way to address the energy
shortage [2]. The development and utilization of renewable energy sources such as wind
and solar power require efficient energy storage techniques. Battery energy storage systems
are a crucial part of the new power system architecture of the future, allowing the power
system to remain resilient and stable under a variety of control methods [3,4]. Many new
challenges continue to emerge regarding battery chemistry [5]. Metal-air batteries have
gained increasing attention due to their high energy density [6-8]. Metal-air batteries
mainly include magnesium-air batteries, lithium-air batteries, sodium-air batteries, and
aluminum-air batteries [9,10]. Among them, magnesium-air and lithium-air batteries have
theoretical energy densities of up to 6800 Wh/kg [11] and 11,400 Wh/kg [12], respectively.

Magnesium-air batteries use magnesium alloys as anode materials and rely on the
reduction reaction of oxygen at the gas diffusion electrode to provide a cathodic current.
The battery reaction principles are as follows:

Mg — Mg?* +2e~ 1)

O, +2H,0 + 4= — 40H™ 2)

In the research of magnesium-air batteries, there is a type called the magnesium-
dissolved oxygen seawater battery [13,14]. This type of battery can directly use seawater as
the electrolyte, and therefore, it has several advantages: (i) the battery has a simple and open
structure; (ii) the flowing seawater as the electrolyte can alleviate electrode polarization,
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improve electrode efficiency and battery stability; (iii) the absence of traditional electrolyte
reduces the weight of seawater batteries and avoids a series of safety issues caused by
carrying liquid electrolytes.

Previous research found that the mass transfer in the cathode largely affected the
battery performance [15-20]. For magnesium-dissolved oxygen seawater batteries, the
source of oxygen in the cathode reaction is different from that of conventional metal-air
batteries. In conventional metal-air batteries, the required oxygen comes from the air, while
in seawater batteries, the majority of the required oxygen comes from dissolved oxygen in
seawater. Therefore, the oxygen mass transfer on the cathode significantly affects the perfor-
mance of seawater batteries. This explains why the cathodes of seawater batteries generally
adopt a porous structure to obtain as much oxygen as possible. Moreover, the cathode
porous structure affects oxygen mass transfer and further affects the battery’s performance.
Therefore, researchers have studied the influence of porous cathodes on the performance
of metal-air batteries through experiments and simulations. Those studies mainly focus
on parameters such as pore size [21-25], surface area [26-29], pore volume [30-33], and
cathode wettability [34-37]. Usually, the porous structure of the electrode is determined by
the carbon materials and the binder utilized in the electrode.

N Ding et al. [24] conducted research on carbon electrode materials in lithium-oxygen
batteries and found that the discharge capacity of the battery was not directly related to
the surface area and pore volume of the carbon material. Instead, the discharge capacity is
proportional to the pore size within a certain range. To verify this conclusion, the authors
used phenolic resin as the carbon precursor and prepared mesoporous and macroporous
carbon materials with pore sizes ranging from 20 to 100 nm using silica gel particles with
different particle sizes as templates. The results showed that the discharge capacity of the
electrodes made from these self-made porous carbons increased with increasing pore size
within the range of 20-80 nm, reaching the maximum discharge capacity at a pore size of
80 nm. When the pore size further increased to 100 nm, the discharge capacity gradually
decreased. ]. Read [25] changed the porous structure of the cathode by altering the formula
of the air cathode in lithium-air batteries. Through testing, it was concluded that the
discharge capacity increased linearly with the average pore size, while it had no significant
relationship with the cathode-specific surface area. Additionally, K. Sakai et al. [26] studied
porous cathodes in lithium-air batteries and found that the BET-specific surface area of the
cathode does not strongly affect the discharge capacity of the battery. The reason is that
the BET-specific surface area mainly depends on the number of micropores with diameters
smaller than 2 nm. During the discharge process, the discharge products are prone to block
the micropores, preventing oxygen from entering the micropores for the reaction. Therefore,
the influence of micropores on oxygen transport in the cathode is negligible. T. Kuboki [30]
demonstrated that the discharge capacity of the cathode carbon material is related to the
mesopore volume. Furthermore, there has been research on the wettability of cathodes. For
example, Wang and Li [34] studied the impact of electrode wettability on the discharge
capacity of lithium-air batteries and concluded that hydrophobic electrodes have a higher
discharge capacity due to enhanced oxygen diffusion compared to hydrophilic electrodes.
Additionally, electrodes with mixed wettability have a higher discharge capacity due to
a balanced number of reaction sites and diffusion paths in the electrode. In addition to
experiments, simulations have also played a significant role in the study of cathode porous
structures. X Li [38] developed a statistical model to study the microstructural evolution of
porous electrodes and combined it with computational fluid dynamics models to simulate
the discharge performance of the electrode. The results indicated that when the pore size is
smaller than the critical pore size, i.e., when the pore is too small to accommodate reactants,
pores smaller than the critical size do not have an impact on the discharge capacity of
the battery.

Currently, research on metal-air batteries has rarely focused on magnesium-dissolved
oxygen seawater batteries. This study primarily investigates the influence of PTFE binder
ratios on cathode porous structure and further the performance of magnesium-dissolved
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oxygen seawater batteries. In this experiment, carbon electrodes were prepared from
three different commercial carbon blacks (acetylene black, VulcanXC-72R, and Ketjen black).
The porous structure of the cathode was adjusted by changing the mass ratio of PTFE to the
three carbons. Nitrogen adsorption-desorption experiments were performed to characterize
the structure of the different porous carbon cathodes. Based on the prepared cathode porous
structures, a magnesium-dissolved oxygen seawater battery was designed and fabricated
with AZ31 magnesium alloy as the anode material. Constant current discharge tests were
conducted to explore the influence of the cathode porous structure on the performance of
the magnesium-dissolved oxygen seawater battery.

2. Experimental Methods
2.1. Electrode Preparation

All purchased commercial materials in this study were used as received. Three types
of commercially available carbon blacks (acetylene black, Vulcan XC-72R, and Ketjenblack
ECP) were obtained from Xiamen Top New Energy Technology Company (Xiamen, China).
Each type of carbon was mixed with polytetrafluoroethylene (PTFE) in different ratios
(10%, 20%, 30%, 40%, and 50% by weight of PTFE for each carbon) in isopropanol solution.
The corresponding carbon slurries were ultrasonically oscillated for 1 h to ensure thorough
mixing of carbon and binder. The slurries were then filtered through a 20-mesh sieve
to remove larger particles that could adversely affect the electrode preparation process.
The prepared carbon slurries were uniformly coated onto W051011 carbon cloth using an
LTD model automatic coating machine bought from Xiamen Top New Energy Technology
Company(Xiamen, China). The total coating thickness was 300 pm. It was divided into
two layers of 150 um each to prevent cracking after electrode drying. After each coating,
the electrodes were dried in ambient air for 6 h, followed by a heat treatment at 350 °C
for 30 min to complete the electrode fabrication. The carbon content of different carbon
electrodes is shown in Table 1.

Table 1. Average carbon mass loadings of different carbon electrodes.

Carbon Electrode Average Carbon Content (mg/cm?)
Acetylene Black 3.19
VulcanXC-72R 3.58
Ketjen Black 3.21

2.2. Cell Assembly and Testing

The magnesium-dissolved oxygen seawater battery was designed and assembled ac-
cording to the schematic diagram in Figure 1. Sea salt solution was used as the electrolyte in-
stead of seawater, and an AZ31B magnesium alloy with dimensions of 3 cm x 5 cm x 0.5 cm
was used as the anode. The battery structure also included a fixing component and a
current collector. The fixing component consisted of four stainless steel hexagon screws and
nuts, as well as a white porous resin plate. The current collector consisted of six stainless
steel plates. The seawater battery in this experiment employed a dual-cathode structure.
Since the cathodic reactant of the seawater battery is not from the air but directly utilizes
dissolved oxygen in seawater, a larger cathode area is required to maintain a certain current
density. A dual-cathode structure is commonly used to prevent the battery from becoming
too large in volume. The porous carbon electrodes were fixed on both sides of the seawater
battery, while the magnesium anode was sandwiched between two stainless steel plates.
After assembly, the seawater battery was immersed in the electrolyte. The battery testing
was conducted using the Neware CT-4000 battery testing system purchase from Neware
Technology Limited (Shenzhen, China). The discharge experiments were performed at
room temperature with a discharge current intensity of 50 mA. Two cut-off strategies were
used: (1) a discharge time of 1 h to obtain the average discharge voltage over 1 h, and (2) a
discharge cut-off voltage set at 0.5 V to obtain the specific discharge capacity of the carbon
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electrode. The average discharge voltage over 1 h and the specific discharge capacity were
used to evaluate the performance of the seawater battery.

) .
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Figure 1. (a) Structural diagram of seawater battery; (b) seawater battery prototype.

2.3. Nitrogen Adsorption and Desorption

All carbon samples were characterized using a surface area and pore size analyzer
(ASAP2460) bought from micromeritics (Shanghai, China). The adsorption and desorption
isotherms were obtained by performing physical adsorption measurements at 77 K after
pre-treating the carbon samples under vacuum heating at 180 °C for 4 h. After obtaining
the isotherms, the BET method was used to analyze the specific surface area, and the BJH
method was employed to evaluate pore volume and pore size distribution.

3. Results and Discussion
3.1. Porous Structure Characterization

The carbon electrodes with a binder weight ratio of 10% are named Acetylene Black-
10%, and the naming method for the remaining carbon electrodes follows the same pattern.
The structural characterization of the carbon electrodes with different binder ratios is sum-
marized in Figures 2 and 3. The nitrogen adsorption and desorption isotherms are provided
in the supplementary file. Type IV isotherms are clearly observed for the Acetylene Black,
Vulcan XC-72R, and Ketjen Black carbon electrodes, indicating the presence of mesoporous
structures in carbon electrodes. In Figure 2, low binder ratio carbon electrodes show a
more specific surface area. This is because more micropores are detected. High binder ratio
carbon electrodes hardly exhibit any micropores. This is due to the significant reduction in
the number of micropores in carbon electrodes with increased binder content, as confirmed
by previous studies [15]. The average pore size for each carbon electrode is presented
in Figure 3. As the binder ratio increases, the average pore size of the carbon electrode
increases continuously. The addition of binders has a minor influence on mesopores and
macropores but has an obvious effect on the micropores. Adding more binders can block
more micropores, which will not be filled by nitrogen in the gas sorption experiment.
The reduction in micropore volume results in an increased proportion of mesopores and
macropores, leading to an increase in the average pore size of the carbon electrode with an
increasing binder ratio. This is further confirmed by the pore size distribution of carbon
electrodes with different binder ratios shown in Figure 4. Figure 4a illustrates that for the
Acetylene Black carbon electrode, the proportion of pores in the 30-50 nm range increases
with increasing binder ratio in the range of 10-50%, resulting in a larger average pore size.
In addition, the change in the average pore size is also affected by the preparation process
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and the testing method, resulting in some differences in the trend of Figure 3. Additionally,
Figure 4b,c shows that as the binder ratio gradually increases within the range of 10-50%,
the slope of the pore size distribution curve in the 2-10 nm range decreases for the Vulcan
XC-72R and Ketjen Black carbon electrodes. This presents a decreasing proportion of pores
in the 2-10 nm range. Figure 4b,c provides an increased proportion of pores in the 10-50 nm
range for Vulcan XC-72R and Ketjen Black carbon electrodes, thus improving the utilization
of mesopores and macropores in the carbon electrode and facilitating oxygen diffusion.
Furthermore, the addition of binders affects the wettability of the carbon electrode. As
PTFE is hydrophobic, the wettability of the electrode decreases with an increasing binder
ratio, resulting in a reduced number of reaction sites on the carbon electrode. However,
the decrease in wettability also promotes the diffusion of oxygen in non-wetting pores, as
previously demonstrated in Ref. [34].
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Figure 2. Specific surface areas of different carbon electrodes.
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Figure 4. Pore size distribution of different carbon electrodes.

3.2. Discharge Performance

Based on the aforementioned different carbon electrodes, magnesium dissolution
oxygen seawater cells were assembled with an AZ31 magnesium alloy as the anode. These
cells were subjected to a constant current discharge of 50 mA for one hour to obtain
the average discharge voltage for each carbon electrode (with at least three discharge
experiments conducted for each carbon electrode). As shown in Figure 5, for the same
carbon electrode with different binder ratios, the average discharge voltage for one hour
initially decreases and then increases as the binder ratio increases within the range of
20-50%. The minimum value is observed at a binder ratio of 20%, while the maximum is
reached at a binder ratio of 50%. The reason for this phenomenon is that the binder PTFE
affects the porous structure and wettability of the carbon electrode, which in turn affects the
oxygen diffusion process on the electrode. Increasing the binder ratio from 10% to 20%, the
wettability of the carbon electrode decreases, the number of electrochemical reaction sites
decreases, and the discharge reaction is limited to a certain extent, which leads to a decrease
in the average discharge voltage at a binder ratio of 20%. However, the binder ratio was
further increased to 50%, and the lower wettability increased the diffusion of oxygen in
the non-wetted pores, which in turn enhanced the overall diffusion of oxygen within the
porous structure. At the same time, the addition of PTFE increases the percentage of pores
with larger pore sizes in the carbon electrode, increasing the utilization of larger-sized
pores in the carbon electrode, and the high utilization of mesoporous and above pores is
also conducive to the enhancement of oxygen diffusion. Therefore, the average discharge
voltage increases when the binder ratio increases from 20% to 50%. In Figure 5, it is
observed that the voltage generally increases and then decreases in discharge curves. This
is because the anode magnesium alloy samples have an oxide film attached to the outside,
which is first consumed to activate the electrode when the discharge reaction takes place. It
is a common phenomenon during the repetition of experiments. Figure 5 also indicates
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that for carbon electrodes with the same binder ratio, the Ketjen Black carbon electrode
exhibits the highest average discharge voltage for one hour, followed by the Acetylene
Black carbon electrode. The Vulcan XC-72R carbon electrode shows the lowest value. For
example, at a binder ratio of 30%, the average voltage for one hour is 1.08 V for Acetylene
Black-30% carbon electrode, 1.02 V for Vulcan XC-72R-30% carbon electrode, and 1.13 V for
Ketjen Black-30% carbon electrode. As shown in Figure 2, the Ketjen Black carbon electrode
has the largest specific surface area, and the number of its reaction sites is higher than the
other two electrodes at low binder ratios. In Figure 4, the Ketjen Black carbon electrode
has a higher macroporous capacity than both other electrodes. This indicates it has a better
oxygen transport capacity at higher binder ratios, resulting in a higher discharge capacity.
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Figure 5. One-hour average discharge voltage of different carbon electrodes.

As a result, the Ketjen Black carbon electrode has the highest average discharge voltage
among the three carbon electrodes, especially when the binder percentage is greater than
30%. For the Ketjen Black carbon electrode, when the proportion of binder is greater than
30%, the proportion of “large holes” in the carbon electrode is significantly more than the
rest of the carbon electrodes, so the average discharge voltage is significantly better than
the rest of the carbon electrodes.

All carbon electrodes underwent single deep discharge specific capacity testing at a
current intensity of 50 mA. Due to the low specific surface area, the discharge capacity
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of the original carbon cloth was neglected, and the discharge specific capacity in this
experiment was calculated only based on the weight of the commercial carbons coated
on the electrodes, excluding the weight of the original carbon cloth substrate and binders.
Each carbon electrode was tested three times, and the average of the three test results
was taken as the experimental result. The single deep discharge capacity comparison
is shown in Figure 6. When the binder ratio is within the range of 10-50%, the single
deep discharge specific capacity of the three different carbon electrodes initially decreases
and then increases. The minimum value is observed at a binder ratio of 20%, while the
maximum is reached at a binder ratio of 50%. Among them, the Ketjen Black carbon
electrode with a 50% PTFE coating achieved the highest discharge specific capacity of
11.86 Ah/g.
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Figure 6. Depth discharge of the different carbon electrodes.

The average discharge voltage for one hour and the single deep discharge specific
capacity are adopted as indicators of the seawater battery performance. Combined with the
results of the one-hour constant current discharge experiment, it is evident that when the
binder ratio is within the range of 10-50%, the performance of the carbon electrode initially
decreases and then promotes with the increase in the binder ratio. The performance is the
worst at a binder ratio of 20% and the best at a binder ratio of 50%. The detailed analyses
are shown as follows.

Before the detailed discussion on those results, it should be clarified that the battery
usually works in seawater. Thus, the oxygen supply for the electrochemical reaction is
mainly affected by the oxygen dissolved in the seawater and oxygen transfer in the porous
electrode. Based on the experimental results shown in Figures 5 and 6, when the binder
ratio is less than 20%, the performance of the three carbon electrodes worsens with the
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increase in the binder ratio. Seawater batteries use seawater as the electrolyte, and the
dissolved oxygen in seawater is low. When the binder ratio is less than 20%, most of the
electrode surface is wetted and the dissolved oxygen meets the demand of the reaction. The
wetted surface (active reaction sties) dominates the battery performance. Therefore, when
the proportion of binder increases from 10% to 20%, the electrode wettability decreases,
leading to a decrease in battery performance. When the binder ratio is greater than 20%,
the performance of the three carbon electrodes becomes better with the increase in the
binder ratio. Although the number of reaction sites decreases within these bind ratios,
the higher binder ratio has a greater impact on the wettability and porous structure of the
carbon electrode. The decrease in electrode wettability enhances oxygen diffusion in non-
wetted pores, and the increase in the binder ratio increases the proportion of mesopores and
macropores in the carbon electrode, improving the utilization of mesopores and macropores.
Both promote oxygen transfer, improving oxygen supply and enhancing cell performance.
At this point, oxygen transfer has the primary influence on the cell performance. This is the
reason for the initial decrease and subsequent increase in the performance of the seawater
cell with increasing binder ratio.

In summary, under the same test conditions and the same PTFE ratio, the average
discharge voltage follows the order of Ketjen Black > Acetylene Black > VulcanXC-72R.
The single deep discharge specific capacity follows the order of Ketjen Black > Acetylene
Black > VulcanXC-72R. Therefore, it can be concluded that the Ketjen Black carbon elec-
trode exhibits the best performance in this study. Moreover, after adding the binder, the
utilization of mesopores and macropores in the Ketjen Black carbon electrode is higher
than that in Acetylene Black and VulcanXC-72R carbon electrodes. Further, when the
binder ratio is higher than 50%, the performance of the battery may be reduced. Excessive
binder content will result in a significant reduction in electrode conductivity. Low elec-
tric conductivity then has a negative effect on discharging the battery [39]. In addition,
the over-binder-covered electrode surface makes the electrode surface less homogeneous,
resulting in electrode instability possibly shortening its life [40]. Therefore, the content
of PTFE has to be strictly controlled to ensure that the optimum performance is obtained
within the battery.

4. Conclusions

We prepared three kinds of porous carbon electrodes with different PTFE ratios for
magnesium-dissolved oxygen seawater cells. Structural characterization of all carbon
electrodes was conducted using nitrogen adsorption-desorption experiments. Based on the
prepared carbon electrodes, magnesium-dissolved oxygen seawater cells were assembled
and subjected to constant current discharge testing, leading to the following conclusions:

(1) When the PTFE ratio in the carbon electrode is within the range of 10-50%, the
number of micropores and pores with diameters in the range of 2-10 nm decreases continu-
ously, while the average pore size of the carbon electrode increases. The specific surface
area of the carbon electrode is mainly affected by micropores and small-sized pores, which
decreases as the PTFE ratio increases.

As the binder ratio increases, the average pore size of the carbon electrode increases
continuously.

(2) When the PTFE ratio is within the range of 10-50%, the performance of the
magnesium-dissolved oxygen seawater cell initially decreases and then increases. In
the working environment where oxygen is hard to acquire, when the PTFE ratio in the
carbon electrode is less than 20%, it is speculated the performance of the seawater cell is
mainly influenced by the number of reaction sites. An increase in the PTFE ratio leads
to a decrease in the performance of the seawater cell. When the PTFE ratio in the carbon
electrode is greater than 20%, the performance of the seawater cell is primarily influenced
by oxygen diffusion on the carbon electrode. An increase in the PTFE ratio enhances the
performance of the seawater cell.
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(3) Among the different carbon electrodes with the same PTFE ratio, the Ketjen Black
carbon electrode exhibits the best performance. The single deep discharge specific capacity
of the Ketjen Black carbon electrode with a 50% PTFE ratio can reach 11.86 Ah/g, followed
by the Acetylene Black carbon electrode, and the VulcanXC-72R carbon electrode performs
the worst. The electrode with a binder ratio over 50% is not recommended since it can
significantly reduce the electrical conductivity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app132412996/s1. Figure S1: N, adsorption-desorption isotherms of
different carbon electrodes.
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