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Abstract

In the last decade, liquid fuel cells with their numerous advantages have gained widespread attention across the globe.
However, it is a prerequisite for the fuel cells to attain an all-climate operation ability before realizing broad and extensive
applications. To date, conventional liquid fuel cells always require pre-heating strategy or auxiliary heating equipment before
they can operate in sub-zero environments, which makes the system bulky and prolongs its response time. The recently
proposed and demonstrated novel electrically rechargeable liquid fuel (e-fuel), is considered to be a potential solution for
powering fuel cells in various environments, particularly under sub-zero conditions. Using the e-fuel, a passive liquid fuel
cell is designed, fabricated, and examined from 23 to — 20 °C. The cold-start free fuel cell is demonstrated to attain a peak
power density of 110.34 mW- cm™2 at — 20 °C. Furthermore, to demonstrate its capability for commercial application, a
two-cell stack has been developed to power a toy train, which not only demonstrates the superior scalability of this system,
but also presents it as a feasible device for power generation in extreme environments.
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1 Introduction

The continuous and enormous growth in global energy
demand over the last decade has made the evolution of sus-
tainable power generation systems, a pressing mission for the
future society. As a promising green power generation tech-
nology, the fuel cell has demonstrated its great potential for
application in various practical scenarios, from mobile devices
to stationary power stations [1, 2]. Among diverse kinds of
fuel cells, the direct liquid fuel cell (DLFC) is believed to be a
promising competitor [3-5]. It directly converts the chemical
energy in liquid fuels into electricity through electrochemical
reaction, thereby allowing the system with many superiorities
[6]. However, the current performance of conventional DLFCs
is still unsatisfactory, which has greatly restricted their com-
mercialization progress. The operation of DLFCs involves a
series of heat and mass transport processes and electrochemi-
cal reactions, all of which require a suitable operating tem-
perature, leading to a bulky and low-efficiency system [7]. On
top of that, the sluggish reaction kinetics of common alco-
holic fuels is another major issue that results in high catalyst
cost and limited operational temperature range, confining
the application scenarios of the system [8, 9]. The success-
ful operation of fuel cells in sub-zero environments, without
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the implementation of any pre-heating strategies or auxiliary
equipment, remains a significant challenge for both hydro-
gen—oxygen and traditional liquid fuel cells. It is thus critical
to identify and adapt other potential liquid fuels with better
reaction kinetics in fuel cells to achieve all-climate operation,
especially in sub-zero environments.

Lately, a novel electrically rechargeable liquid fuel
(e-fuel) has been demonstrated as an alternative to conven-
tional alcoholic liquid fuels, which has been found to provide
outstanding cell performance [10]. Potentially, this e-fuel
can be created from a variety of materials while owning
a superior electrochemical reaction kinetics, even without
any noble metal catalysts. Furthermore, unlike traditional
alcoholic fuels, the e-fuel is rechargeable, which allows it
to be reused for many cycles, greatly lowering its manufac-
turing costs and mitigating the environmental impacts. In
one previous study, using an e-fuel composed of vanadium
ions, a liquid fuel cell has been proven to be able to operate
at — 20 °C without any pre-heating strategies [11]. However,
the water generated on the cathode side would unavoidably
lead to ice formation issue and influence the system long-
term stability [12, 13]. It is reported that, in sub-zero envi-
ronments, ice formation is prone to occur on the cathode
side, which can obstruct the delivery of oxidant through the
catalyst layer, thereby inhibiting electrochemical reactions
by limiting the availability of reactants and diminishing the
active surface area. Furthermore, this phenomenon may even
lead to internal short circuits, and raise significant safety
concerns [14, 15]. Therefore, in this study, in an attempt
to eliminate the ice formation issue, another liquid e-fuel
with low freezing point is employed as oxidant to replace
the oxygen during the cell operation. It is reported to have a
low freezing point of ~— 30 °C granting it to be applicable
under sub-zero conditions. Furthermore, to ensure the fea-
sibility of this system as a power source for mobile devices,
a passive fuel cell design is adopted freeing the cell from
any additional devices, including pumps and heaters. The
cell is found to be capable of attaining a peak power density
(PPD) of 110.34 mW-cm~2 even at — 20 °C. In addition, a
two-cell stack has also been developed for powering a toy
train, which demonstrates the scalability and applicability
of this system. The demonstrated e-fuel cell is envisaged
to propel this technology to achieve further breakthroughs
and broaden its applications, especially in extreme operating
conditions, notably for power generation under all-climate
conditions.

2 Working Principle
The passive fuel cell includes a pair of tanks, current collec-

tors, end plates and a membrane electrode assembly (MEA)
in the middle (see Fig. 1). During the cell operation, the
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e-fuel containing V2* ions is fed to the anode and then oxi-
dized to V3" ions, releasing one electron, according to:

V3 5 VI 4 e E? = —0.26V (1)

Followed by this, the released electron is then transported
to the cathode side, while the proton also migrates across
the membrane. At the cathode, the e-fuel containing V02+
ions meets the protons and electrons, where the following
reaction then takes place:

VO +2H" + ¢~ — VO** + H,0E? = 1.00V )
The overall reaction inside this cell is:

VOI +2H* + V** - VO’ + V’* + H,0AE = 1.26V
3
This e-fuel cell, using e-fuels of different compositions on
either side, provides a theoretical voltage of 1.26 V, which
surpasses many conventional alcohol fuel cells [16].

3 Experiments
3.1 Preparation of MEA

The MEAs were prepared for the single passive fuel cell
(2.0%2.0 cm?) and two-cell stack (2.0x4.0 cm?), which was
composed of a piece of Nafion 115 sandwiched between two
pieces of graphite felts. Before use, the graphite felt (AvCarb
G100, Fuel Cell Store, USA) was heated in a muffle furnace
for 5 h at 500 °C [10]. The Nafion 115 was pretreated as
previously reported to facilitate proton transport [10].

3.2 Cell Assembling and Testing

In this study, the single cell consisting of a pair of acrylic
e-fuel tanks, graphite current collectors, and stainless-steel
end plates was fabricated, which is similar to the ones
reported previously [27]. On the top of the acrylic e-fuel

Current collector  Anode  Membrane Cathode  End plate

Fig. 1 Working principle of the passive e-fuel cell
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tanks (20.0 mL), two holes were drilled for e-fuel injection.
Using a similar design, the two-cell stack was consisted of
two single cells. However, to reduce the overall size of the
stack, the volume of the tank was changed to 4.0 mL and
the end plates were eliminated. The e-fuel was prepared
by firstly dissolving vanadyl sulfate into H,SO, and then
charging using a typical flow cell [10]. All of the electro-
chemical tests reported in this study were performed by an
Arbin BT2000. Before the electrochemical tests, the cell was
firstly pre-cooled inside a low-temperature testing chamber
until it reached the desired temperature. The cooling process
was carefully controlled by adjusting the environment tem-
perature, and all temperatures reported in this study are cell
temperatures. After the pre-cooling process, the pre-cooled
e-fuels were injected into the cell for further testing.

4 Results and Discussion
4.1 General Performance of the Passive Fuel Cell

In this work, the general performance of this cell at — 20 °C
is shown in Fig. 2. Different from the conventional fuel cells
that operate in sub-zero environment, the cell presented
here excludes any auxiliary equipment, including pumps
and heaters. It follows a cold-start free operating strategy
so that it starts generating electricity immediately when it
is needed without any delay. Such an operation strategy not
only provides the cell with a short response time, but also
gives the system a higher efficiency due to the exclusion of
any additional processes or equipment. Nevertheless, even
with this unique operating strategy, an open-circuit volt-
age (OCV) of 1.49 V and a peak power density (PPD) of
110.34 mW-cm™2 are achieved, presenting the potential of
this cell for application in sub-zero environments.
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Fig.2 General performance of the e-fuel cell at — 20 °C

In addition, as can be seen in Table S1 (Supporting Infor-
mation), the cell also achieves much better performance with
a significantly broader operational temperature range than
other conventional liquid fuel cells, where the common alco-
hol fuel cells are unable to generate electricity under the
same condition [17-20]. Impressively, when compared to
our previously reported e-fuel cell system [11], the present
work, by substituting oxygen with another liquid e-fuel on
the cathode side, significantly boosts the cell performance
even without the assistance of any pumps. Such outstanding
performance therefore validates this system as a promising
technology for commercialization.

4.2 Effects of E-fuel Composition

The e-fuel composition is important for both the cell perfor-
mance and its specific energy [21]. Hence, the e-fuels with
different concentrations of V(II)/V(V) ions were first fed
into the cell for study (Fig. 3(a)), where the e-fuel with the
highest concentration (1.0 M V(II)/V(V)) is found to achieve
the best cell performance (OCV: 1.49 V, PPD: 211.03
mW-cm~2). This enhanced cell performance with the incre-
ment of V(II)/V(V) ions concentration is attributed to the
improved mass transport inside leading to a lower concen-
tration polarization. This is mainly due to the enlarged con-
centration difference between electrode surface and the tank,
thereby intensifying the diffusion process [22]. In addition,
the higher concentration of reactive species also contributes
to the rise of OCV in accordance with the Nernst equation
[23, 24]. Hence, the cell using the e-fuel of higher V(II)/
V(V) ions concentration is found to present better perfor-
mance. Additionally, the effect of H,SO, concentration has
also been examined (Fig. 3(b)). As the H,SO, concentration
increases from 1.0 M to 4.0 M, the cell performance also
improves, due to the improvement in the e-fuel conductivity
with the presence of more protons [25]. However, when the
H,SO, concentration is further increased to 5.0 M, no obvi-
ous performance enhancement is observed. Such a change
of trend is ascribed to the fact that higher H,SO, concentra-
tion could result in higher e-fuel viscosity, thereby limiting
the movement of protons leading to larger mass transport
loss [26, 27]. In summary, the e-fuel of 1.0 M V(II)/V(V) in
4.0 M H,SO, is observed to be more suitable and is therefore
used for further studies in later sections.

4.3 Effects of Operating Temperature

As discussed, to realize the worldwide application of the
e-fuel cell under varied sites and seasons, it is a prerequi-
site for the system to be able of operating under all-climate
conditions, especially in extreme environments [28]. Hence,
the cell performance is examined under a varied temperature
from 23 to — 20 °C. As shown in Fig. 4(a), with the cell
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Fig. 3 Effect of a V(II)/V(V) ions and b sulfuric acid concentrations on cell performance

temperature decreases from 23 to — 20 °C, the PPD also
drops from 211.03 to 110.34 mW-cm™2. Such an obvious
performance degradation is associated with the increased
polarization losses at lower operating temperature. On the
one hand, as proved previously, both the e-fuel and mem-
brane conductivities decreases as the operating temperature
decreases, which resulted in a higher ohmic resistance [11,
29, 30].

On the other hand, the declined temperature also
hampers the diffusion of reactive species, which hinders
the mass and charge transport processes inside the cell
and thereby leads to a higher mass transport loss and
decreased reaction kinetics of the e-fuel oxidation and
reduction reactions [31]. To better demonstrate the cell
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performance under the situation similar to real operat-
ing condition, its constant current discharging behaviors
are also examined, as presented in Fig. 4(b). The trend
of the cell performance varies with the polarization test
results, where its discharge capacity declines as operating
temperature falls. Overall, the cell is found to be capable
of achieving a Faradic efficiency of 22% at 20 °C, which
decreases to~3% at — 20 °C. However, it is worth noticing
that even at — 20 °C, the cell is able to generate electricity
stably without the assistance of any auxiliary equipment.
Furthermore, the cell has also been found to have a short
response time where it can provide power immediately
as needed. These significant merits thereby demonstrate
the cell as a viable candidate for power generation under
extreme conditions, such as emergency power systems.

(b)
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Fig.4 a Polarization curves, and b constant-current discharging behavior of the liquid e-fuel cell from 23 to -20 °C
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Fig.5 a Design, b fabrication, and ¢ general performance of the pas-
sive e-fuel cell stack

4.4 General Performance of the E-fuel Cell Stack

In previous sections, the e-fuel cell has demonstrated its
great potential for application under all-climate conditions.
To better illustrate its reproducibility and scalability, a two-
cell stack is designed and fabricated (Fig. 5(a)-(b)). First, the
performance consistency of the two cells inside the stack is
examined (Fig. S1). It is found that the two cells are able to
obtain almost identical polarization curves, indicating their
good performance consistency and thereby illustrating the
superior reproducibility of this system. Furthermore, the
cells inside the stack are also found to reproduce ~85% of
the single cell performance as mentioned above, thereby sig-
nifying the outstanding scalability of this system for large-
scale application. The slightly reduced stack performance
could be attributed to several factors, such as the enlarged
membrane size, which can lead to a severe crossover of
e-fuel across the membrane. Nevertheless, these results are
believed to not only demonstrate but even pave the way for
this technology to realize worldwide usage in the future.
Thereafter, by connecting these two single cells in parallel,
the overall performance of the stack is examined and shown
in Fig. 5(c). The stack is found to be capable of attaining
an OCV of 1.45 V, a maximum current of 2.88 A, and a
peak power of 2.16 W even at — 20 °C. Such superior stack
performance has far outperformed most of the conventional
passive liquid fuel cell stacks that are even operated at room
temperature [32, 33]. The considerable potential of this sys-
tem therefore has positioned it as a promising candidate for
future commercial applications.

4.5 Demonstration for All-Climate Operation

To better exhibit the all-climate operation capability of this
system, the stack performance at various operating tem-
peratures is then examined. As shown in Fig. 6(a), from
23 to — 20 °C, while the stack performance decreases with
the operating temperature, the system can always main-
tain stable power generation. Most impressively, the stack
achieves a high peak power of 4.44 W at 23 °C. Even at
— 20 °C, a peak power of 2.16 W is observed. Though the

Time (min)

Current (mA)

(c)

Fig.6 a Polarization curves of the passive e-fuel cell stack at an oper-
ating temperature from 23 to -20 °C. b Constant-current discharging
behavior of the passive e-fuel cell stack at — 20 °C. ¢ Demonstration
of the passive e-fuel cell stack for powering a toy train

degradation of the stack performance is found as the oper-
ating temperature falls, it is worth stressing that this stack
is operated under an auxiliary equipment-free operating
condition, demonstrating that it is a promising emergency
power source. Such a superior stack performance, espe-
cially in this sub-zero temperature environment, therefore
again justifies the applicability of the designed passive
e-fuel cell stack to work under all-climate conditions. Fol-
lowing this, to better simulate the actual operating condi-
tion, the constant-current discharging behavior of the stack
at — 20 °C is also studied (Fig. 6(b)).

It is found that the cell voltage is able to maintain stably
for ~ 60 min before dropping to 0.8 V as a result of the
depletion of reactants. Such a relatively short operating
duration is due to the low Faradic efficiency as a result
of severe e-fuel crossover and side reactions [29]. It also
originates from the limited tank size, where the volume of
stored e-fuel is constrained. In the future, based on practi-
cal needs, the operation duration of the stack can be easily
prolonged by simply increasing the tank size. Finally, to
further present the practical applicability of the system,
the stack is assembled into a 3D printed carriage to power
a toy train, as shown in Fig. 6(c). It is demonstrated that
the stack is capable of driving the toy train for running
stably along the track. Such a demonstration, along with
its all-climate operation capability, therefore presents its
potential for real-world application under all-climate con-
ditions. However, the scale-up of this system for powering
larger devices still faces many challenges. For instance, it
is vital for the cell to attain a higher PPD and efficiency
to meet the demands of real applications before achieving
commercial usage. Meanwhile, its long-term stability in a
sub-zero environment also requires further studies.
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5 Conclusions

In this study, a passive e-fuel cell is designed and fabri-
cated for power generation under all-climate conditions.
Contrary to the conventional cold-start operating strategy,
this fuel cell system is free from any auxiliary equipment,
while allowing fast start-up with short response time,
greatly reducing the system size and cost. Overall, the
liquid fuel cell demonstrates stable operation from 23 to
— 20 °C. Furthermore, the cell is found to achieve unprec-
edented performance with a PPD of 110.34 mW-cm™ at
— 20 °C, surpassing most conventional alcohol fuel cells.
Following this, a passive two-cell stack is developed,
which not only demonstrates the reproducibility and scal-
ability of this system, but also presents its great commer-
cialization potential. In the future, with further perfor-
mance improvement, it is expected to become a viable
solution for stable power generation, especially in extreme
environments.
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