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Abstract

In recent decades, the liquid fuel cell has attracted considerable interest due to its
inherent advantages, including simple design, almost instantaneous rechargeability and
high energy density. However, despite these merits, hampered by the slow reaction
kinetics of alcoholic liquid fuels, their cell performances remain inadequate even with
the assistance of noble metal catalysts. As an alternative, a novel electrically

rechargeable liquid fuel (e-fuel) has recently been proposed and is found to exhibit a
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significantly improved cell performance presenting it to be with great potential for
widespread use. Nevertheless, before realizing its commercialization, it is a prerequisite
for the fuel cell to be operational under extreme conditions, such as air-free and low-
temperature environment. In this work, fed with the e-fuel and hydrogen peroxide, a
passive fuel cell is designed and fabricated. The impacts of operating temperature on
the properties of cell components are studied, while the effects of diverse operating
conditions on the cell performance are investigated. The cell is found to be able of
reaching a peak power density of 31.7 mW cm™ even at -20 °C without any cold-start
strategies. Furthermore, it is also proven capable of achieving stable operation without
auxiliary equipment. This impressive performance especially under extreme operating
conditions demonstrates the remarkable potential of this present system for applications

in the future.
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1. Introduction

The achievement of sustainable development and carbon neutrality is an essential goal
for modern society, which requires promoting the widespread use of renewable energy
sources" 2. Among diverse kinds of renewable power systems, the hydrogen-oxygen
fuel cell with its high efficiency and zero emission is regarded as a promising candidate®
4. However, hampered by the significant safety risks during the handling of gaseous
hydrogen, the world-wide adoption of the hydrogen fuel cell still faces many
challenges®. As a potential alternative, liquid fuel cells, powered using alcoholic fuels
(e.g., methanol), have attracted much attentions®. The substitution of gaseous hydrogen
with liquid fuels facilitated the fuel handling and increased the system energy density,
while the cell performance is greatly impeded by the sluggish reaction kinetics of
conventional alcoholic liquid fuels’. Consequently, aiming to further enhance the liquid
fuel cell performances, it is essential to identify alternative liquid fuels with better
reactivity.

In recent years, a new type of electrically rechargeable liquid fuel, known as e-fuel, has
been demonstrated to attain superior cell performances under diverse operating
conditions, presenting significant potential for a variety of applications®. Before
realizing its commercialization, however, it is essential for the e-fuel cell to be
operational under extreme conditions, such as air-free and low operating temperature,
especially in confined spaces’. As the limited space prohibits the use of auxiliary
equipment, including: oxygen cylinders, heaters, and thermal control systems, the

ability of the e-fuel cell to operate stably and independently under extreme conditions



is of vital importance'®. Furthermore, easily influenced by the operating condition, the
practical performances of fuel cells always tend to get severely compromised in harsh
environments such as arctic expeditions and underwater explorations'''?,

Operation of a fuel cell typically requires an oxidant at the cathode, where gaseous
oxygen and ambient air are the most frequent choices'*. Whilst it is a preferred choice,
in special application scenarios, such as outer space and deep-sea environments, an
alternative oxidant is required to substitute the gaseous oxygen'> !¢, Hydrogen peroxide,
as a promising replacement possesses many unique advantages including: i) help
avoiding the water flooding problem with its intrinsic liquid phase; and ii) reduce the
activation losses with its fast reaction kinetics due to the two-electron-transfer process!”
18 Besides the oxidant, the operating temperature is another major factor determining
the cell performances, particularly at low temperature environment (< 0°C). The low
operating temperature not only hinders the reaction kinetics of reactive species, but also
restrains their mobility, thereby leading to large polarization losses and limiting the cell
output performances''. Conventionally, cold-start techniques such as pre-heating are
required to enable the operation of fuel cells in sub-zero environments, where auxiliary
equipment such as heaters are needed'®?°. Yet, the involvement of such procedure and
devices results in a complicated system structure and deteriorates the system energy
density and efficiency?!. Thus, prior to the wide utilization of fuel cells, it is imperative
to develop a fuel cell capable of operating independently and continuously under
extreme conditions, including air-free and sub-zero operating temperature.

In this study, to enable a stable power generation under extreme conditions, a hydrogen



peroxide-based passive e-fuel fuel cell has been developed. Firstly, the e-fuel, oxidant,
and membrane properties, including conductivities and viscosities, are investigated at
different temperatures. Then, the study analyzed the influences of various operating
conditions on the cell performances, including current collector designs, e-fuel and
oxidant compositions, and operating temperatures. Overall, by substituting gaseous
oxygen with liquid oxidant (hydrogen peroxide), the passive fuel cell has reached a
peak power density (PPD) of 72.9 mW c¢cm™. More impressively, even at -20 °C, a PPD
of 31.7 mW cm™ is attained without any cold-start process. Such superior cell
performance thus demonstrates its resilience and flexibility to operate under extreme
conditions, thereby highlighting its enormous potential for future applications.
2. Working principle
The structure of the liquid e-fuel cell is as shown in Fig. 1 (a). At either side of the e-
fuel cell, a pair of tanks is equipped for storing the liquid e-fuel and hydrogen peroxide,
respectively. During cell operation, on the anode side, the V(II) ions are oxidized to
V(III) while the electrons being released following the electrochemical reaction as
shown in equation (1):

V2t —em 5 V3* E¢ = —0.26V 1)
Meanwhile, at the cathode side, the hydrogen peroxide undergoes the reduction reaction
as in equation (2):
1
5H20; +H* +e” > H,0  E = 178V (2)
The overall reaction thus can be derived as in equation (3):

2V2* + H,0, + 2H' - 2V3*t + 2H,0 E® = 2.04V 3)



In comparison to the conventional gaseous oxygen (1.49 V)?2, the hydrogen peroxide,
as a substitute enables the e-fuel cell with a higher theoretical voltage of 2.04 V, thereby
greatly increasing the system energy density.

3. Experiments

3.1 Preparation of a membrane electrode assembly

In this e-fuel cell, the membrane electrode assembly used was with an effective area of
2.0 x 2.0 cm. The commercial graphite felt (Liaoning Jingu Carbon Material) was used
as the anode directly without any further treatments, while the homemade Pt/C coated
carbon paper was used as the cathode with a Pt loading of 0.5 mg cm™.23 The Nafion

115 membrane was pretreated as reported before being further used?>.

3.2 E-fuel cell setup and instrumentation

The passive e-fuel cell (Fig. 1 (a)) was composed of a titanium cathode current collector,
a graphite anode current collector, and a pair of acrylic tanks and stainless-steel
endplates. The anode graphite current collector adopts the rectangular parallel channels
design with an open ratio of 70%, which is as reported before?*. To prevent the leakage
of fuels and oxidants, multiple pieces of gaskets were also employed during the cell
assembling. The oxidant was fabricated by mixing the hydrogen peroxide (30%, VWR)
with sulfuric acid (Honeywell, Fluka) to obtain the desired composition. While the e-
fuel was prepared by first dissolving the vanadyl sulfate into the sulfuric acid and then
charged using a conventional flow cell before being fed into the cell for further studies?.
The experimental setup was illustrated in Fig. 1 (b), which includes a cell, a low-
temperature test chamber, a thermocouple, and a fuel cell testing system for evaluating

the cell performance. The cyclic voltammetry (CV) test was performed using a three-



electrode cell, which includes a working electrode (graphite felt, 1.0 cm x 1.0 cm), a
counter electrode (platinum wire), and a reference electrode (Ag/AgCl). It is worth
noting that, to avoid the freezing issue of the reference electrode at sub-zero
environment, the saturated potassium chloride solution was mixed with the ethylene
glycol before being filled into the reference electrode, which is as reported previously?®.
The electrolyte filled into the three-electrode cell during CV tests was composed of 0.1
M V(1I) in 4.0 M H>SOs. Using the same set-up, the linear sweep voltammetry test was
conducted for examining the cathode performances, where the electrolyte was consisted
of 0.5 M H207 in 4.0 M H2SO4 while the 1.0 cm X% 1.0 cm Pt/C coated carbon paper is
served as the working electrode. To measure the membrane conductivity, the
electrochemical impedance spectroscopy (EIS) test was performed at 0.01 to 10° Hz,
where the Nafion 115 membrane was clamped by a pair of stainless-steel plates. After
the impedance was obtained, the membrane conductivity was then calculated with the
equation as in equation (4)!!:

Om(Sem™) = 1 )
where t and S stand for the membrane thickness and membrane effective area,
respectively. Ry is the membrane resistance, which came from the Nyquist plots. As
reported previously, the e-fuel and oxidant conductivities were also tested through the
EIS!, while their viscosities at low-temperature environment were tested using the
Ubbelohde viscometer. The CV, LSV and EIS tests was all performed with an

electrochemical workstation (CHI-660e, CH Instruments, China). It is worth noting that,

before starting tests, the set-up was pre-cooled using the low-temperature chamber to



reach the target operating temperature.

4. Results and discussion

4.1 E-fuel and hydrogen peroxide performances

The chemical compositions of the e-fuel and the oxidant determine their inherent
properties, such as their viscosities and ionic conductivities’’. The operating
temperature, in the meanwhile, also plays a crucial role in influencing these properties,
which further affects the cell performance. By adding with sulfuric acid, the e-fuel and
hydrogen peroxide are granted with a low frozen point, thereby enabling them to
operate at sub-zero temperatures. Therefore, the viscosities and conductivities of the e-
fuel and oxidant are first examined at -20 to 20 °C (Fig. 2(a)). A decrease in operating
temperature has been observed to result in an increase in the viscosities of both e-fuel
and oxidant. It can be attributed to the reduced kinetic energy limiting the movement

of ions and water molecules®® %°

, which consequently leads to the decrement of ionic
conductivities, thus demonstrating the great impact of operating temperature on the e-

fuel and oxidant properties.

4.2 Membrane performance

The proton exchange membrane as a critical component within the fuel cell, functions
as a conduction channel between anode and cathode®. Its primary role is to facilitate
the transport of protons while blocking the crossover of e-fuels and oxidants. Therefore,
it is vital for the membrane to possess high proton conductivity, so as to enable fast
transport of protons from one side to the other, thereby lowering the ohmic polarization
loss. Nevertheless, while membrane properties significantly affect the fuel cell

performance, its conductivity is readily influenced by operating temperature. Hence,



the membrane conductivity is measured at different operating temperatures (Fig. 2 (b)).
As can be seen that, with the temperature decreases to -20 °C, the membrane
conductivity drops from 19.57 to 10.40 mS cm™. Such a decline in membrane
conductivity can be mainly attributed to two factors: i) according to the hopping
mechanism, the increased difficulty for protons to escape from hydronium ions at low
temperature hinders the proton transfer process; and ii) according to the vehicular
mechanism, the diffusion process of water molecules, which act as carriers of the
protons, slows down at low temperature, thereby hindering the mobility of the protons>'.
Thus, overall, the membrane conductivity gets lower as the operating temperature falls.
In addition to the membrane conductivity, it should also be noted that, the decline of
operating temperature would on the other hand impede the crossover of fuel and
oxidants through the membrane, which thereby would reduce fuel losses during the cell

operation.

4.3 Electrode performance

CV is a widely used diagnostic method for examining the electrochemical performance
of electrodes. Hence, in this work, CV tests are carried out to analyze the effects of
operating temperatures on the anode performances as shown in Fig. 3 (a). It is found
that, as temperature decreases, the peak current drops while the peak potential
separation increases from 323 mV (20 °C) to 567 mV (-20 °C), demonstrating the

slowed reaction kinetics of the e-fuel®?

. Such an apparent performance degradation is
also related to the high e-fuel viscosity at low operating temperature hampering the

diffusion process of reactive species to reach the reactive site on the electrode surface.

Meanwhile, using the linear sweep voltammetry (LSV) test, the cathode performance



is also examined at different temperatures. As shown in Fig. 3 (b), with the operating
temperature decreases, the current density also shows an obvious downward trend with
a gradually weakened current density peak, indicating the declined reaction kinetics of
the oxidant reduction reaction. Nonetheless, both the e-fuel and the oxidant are found
to possess electrochemical reactivity even at -20 °C, presenting them to be with

capability for power generation in sub-zero environments.

4.4 Effect of the current collector designs

The design of the current collector has a crucial impact on the fuel cell performance. It
not only provides channels for supplying the fuel and oxidant, but also collects the
electrons and acts as a support for the electrode. Thus, it is necessary for the current
collector to possesses good electrical conductivity, high mechanical strength and ease
of supply of reactants?®. On the cathode side, since the oxidant (hydrogen peroxide)
would inevitably undergo self-decomposition reaction, it is also necessary for the
current collector design to provide pathways to facilitate the escape of bubbles
generated*?. In this work, six types of different current collector designs are adopted for
the cathode and named as shown in Fig. 4 (a). Among these current collectors, CC-1,
CC-3, and CC-5 use the conventional parallel design, while CC-2, CC-4, and CC-6
apply the perpendicular design to ease the exit of bubbles. By assembling these current
collectors into the fuel cell, the cell using the parallel design current collectors (CC-1,
CC-3 and CC-5) is found to show a much lower maximum current density than the cell
with the perpendicular design current collectors (CC-2, CC-4, and CC-6), even though
they have the same open ratio. Such an obvious performance difference is caused by

the difficulty for bubble to escape, thereby confining the effective surface area for



electrochemical reactions and restricting the mass transport process of reactants®*.
Meanwhile, for the current collectors with the perpendicular design, the fuel cell
performance is found to improve as the open ratio increases. Specifically, the PPD of
the cell rises from 40.4 to 72.9 mW cm™ as the current collector open ratio increase
from 70 % (CC-2) to 90 % (CC-6). Hence, CC-6 with the best power output is used for
the following tests. It is also worth noting that, while a high open ratio of the current
collector can improve the cell performance, further increment of the current collector
open ratio could induce large ohmic resistance and influences the electrode integrity

especially after long-term operation.

4.5 Effect of the oxidant composition

Hydrogen peroxide, as a well-known replacement to the gaseous oxygen, allows the
fuel cell to operate in an oxygen-free environment>>. Meanwhile, the sulfuric acid,
acting as the supporting electrolyte, not only provides reactive species to participate in
the electrochemical reaction, but also stabilize the H,O, to avoid self-decomposition
reactions®®. Therefore, the composition of the oxidant is believed to significantly
influence the fuel cell performance and is thoroughly examined here. To begin with, the
effects of H>O» concentration is studied. As shown in Fig. 5(a), with the hydrogen
peroxide concentration increases from 1.0 M to 5.0 M, the PPD also increases, which
is due to the availability of more reactants for the electrochemical reaction at the
reaction site, thereby lowering the concentration polarization losses. However, as the
hydrogen peroxide concentration further raises to 7.0 M, the PPD begins to decrease,
which is resulting from the competitive absorption between hydrogen peroxide and

protons limiting the supply of hydrogen peroxide. In addition, such a high concentration



of hydrogen peroxide could also result in a more severe crossover issue, which could
induce mixed potential and further deteriorate the cell performance. Similarly, for the
sulfuric acid concentration, the optimum concentration is identified to be 4.0 M. A
higher H2SO4 concentration than 4.0 M would induce competitive absorption and a high
electrolyte viscosity, hindering the transport of reactive species. While a lower H2SO4
concentration would result in lack of protons to participate in the cathodic
electrochemical reactions, thereby leading to a large activation polarization loss.
Notably, the cell PPD only reaches 26.8 mW cm™ when no sulfuric acid is added into
the oxidant electrolyte. Overall, the oxidant with 5.0 M H202 in 4.0 M H2SOy is found

to be the optimal choice with a PPD of 72.9 mW c¢cm™.

4.6 Effect of the operating temperature

As demonstrated in previous sections, the operating temperature significantly impacts
the properties of cell components, including the membrane, electrodes, fuel and oxidant.
Hence, in this section, the effects of operating temperature on the cell performance is
examined (Figure 6)*’. It can be seen that, as the temperature declines from 20 to -20
°C, the PPD also drops from 72.9 to 31.7 mW cm™. Such a trend, on the one hand, is
aroused from the high activation loss at low operating temperature. As proved by the
CV and LSV results in the previous section, the reaction kinetics of the cathodic and
anodic electrochemical reactions decrease significantly with the operating temperature
gets lower. On the other hand, the degraded cell performance is aroused from the
increased ohmic losses, which is induced by the high membrane, e-fuel and oxidant
impedances. Furthermore, influenced by the high fuel and oxidant viscosities, the

lowered operating temperature also hinders the mass transport process of reactive



species thereby leading to a high mass transport loss. Nevertheless, the cell is able to
deliver a PPD of 31.7 mW cm™ at -20 °C, even without any cold-start strategies, making

it a preferable choice for applications in extreme conditions.

4.7 Constant-current discharging behavior and demonstration

The constant-current discharging behavior is an important test to assess the fuel cell
performances before implementing wide applications. Hence, as presented in Fig. 7 (a),
the performance of the e-fuel cell is studied at 20 to -20 °C. As the operating
temperature decreases, both the discharging voltage plateau and operation duration of
the e-fuel cell reduce significantly. The reduction on discharging voltage plateau is
attributed to the increase in polarization losses, which thus limits the voltage output.
While the low discharge duration is aroused from the earlier hit of the cut-off voltage,
thereby limiting the usage of reactive species. It is worth noting that, the high viscosity
of e-fuel and oxidant at low operating temperature is another cause for confining the
cell discharging performance, as it restricts the mass transport process thereby limiting
the supply of reactive species. To further present the applicability of this system under
extreme conditions, the e-fuel cell is also used for powering the LED lights at -20 °C
demonstrating its potential for usage in real-life scenarios (Fig. 7 (b)).

5. Conclusion

In this work, a passive fuel cell, fed with the e-fuel and hydrogen peroxide has been
designed and fabricated. The influences of operating temperatures on the cell
component properties and cell performances are explored, while the optimal current
collector design and oxidant composition are identified. The cell is found to attain a

PPD of 72.9 mW cm™ in an oxygen-free environment. Even at -20 °C, a PPD of 31.7



mW cm? is attained without the assistance of any heating devices. The successful
demonstration of the presented fuel cell not only broadens its application scenarios, but
also presents it to be with a huge potential for widespread applications, especially under
extreme conditions. However, before realizing its commercialization, further
performance advancement is still essential. For instance, it is necessary to develop
membranes with higher proton conductivity especially at sub-zero environment to
enable a faster proton transport process inside, thereby granting the system with better

performance at sub-zero environment.
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Figure captions

Fig. 1 (a) Fabrication and (b) experimental set-up of the passive e-fuel cell.

Fig. 2 (a) Kinematic viscosity and ionic conductivity of the liquid e-fuel and oxidant,
and (b) membrane conductivity at -20 °C to 20 °C.

Fig. 3 (a) Cyclic voltammetry curves of the graphite felt anode, and (b) linear sweep
voltammetry of Pt/C coated carbon paper cathode at -20 to 20 °C.

Fig. 4 (a) Design of cathode current collectors, and (b) effects of current collector
design on the cell performance.

Fig. 5 Effects of (a) hydrogen peroxide concentration and (b) sulfuric acid
concentration on the cell performance.

Fig. 6 Polarization and power density curves of the fuel cell at an operating temperature
range from -20 °C to 20 °C.

Fig.7 (a) Constant-current discharging behavior of the e-fuel cell, and (b) lab-scale

demonstration of power generation under extreme conditions.
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Fig. 1 (a) Fabrication and (b) experimental set-up of the passive e-fuel cell.
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and (b) membrane conductivity at -20 °C to 20 °C.
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Fig. 3 (a) Cyclic voltammetry curves of the graphite felt anode, and (b) linear sweep
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Fig. 4 (a) Design of cathode current collectors, and (b) effects of current collector
design on the cell performance.
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Fig. 5 Effects of (a) hydrogen peroxide concentration and (b) sulfuric acid
concentration on the cell performance.
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Fig. 6 Polarization and power density curves of the fuel cell at an operating temperature
range from -20 °C to 20 °C.
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Fig.7 (a) Constant-current discharging behavior of the e-fuel cell, and (b) lab-scale
demonstration of power generation under extreme conditions.
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