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Abstract

Passive fuel cells, using diffusion and natural convection for fuel delivery, are regarded as
promising candidates for powering portable devices including mobile phones and laptops.
However, the performance of passive fuel cells which employ typical liquid alcohol fuels are
still limited, which thereby greatly hampered their commercialization progress. Recently, a
novel concept named the electrically rechargeable liquid fuel (e-fuel), with its rechargeability,
cost-effectiveness, and superior reactivity, has attracted increasing attention. In this study, a
passive fuel cell using the liquid e-fuel and the ambient air for electricity production is designed
and fabricated. This passive fuel cell is demonstrated to achieve a peak power density of 116.2
mW cm along with a stable operation for over 350 hours, exhibiting great prospect for future

applications.
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1. Introduction

As aresult of the increasing needs of renewable energy, the development of sustainable power
generation systems has become a major research direction and drawn world-wide attention. In
comparison to other existing technologies, fuel cell technology has been acknowledged as a
promising candidate and utilized in numerous applications including electric vehicles, mobile
devices, and even power stations.!* Among the various types of fuel cell, direct liquid fuel
cells attributed to their high energy density and ease of fuel handling, have been extensively
studied.*> Nevertheless, to realize the commercialization of direct liquid fuel cells, especially
in small devices such as mobile phones and laptops, it is necessary to minimize or completely
eliminate auxiliary equipment such as pumps, air blowers, and heat controllers from the
system.5® Passive fuel cells, using diffusion and natural convection for fuel delivery, have
therefore received extensive studies in recent years.” ' However, as a result of the slow reaction
kinetics of conventional liquid fuels, poor performance, such as lower peak power density than
the typical active liquid fuel cells, is a major limitation of these passive liquid fuel cells.!!"!? To
boost the performances of passive liquid fuel cells, it is thus of paramount importance to

explore alternative fuels with better reactivity.

Recently, a novel concept named the electrically rechargeable liquid fuel (e-fuel), which
possesses many advantages such as rechargeability and superior reactivity over the
conventional liquid alcohol fuels, was presented.!*!* Potential liquid e-fuel can be prepared
from diverse kinds of material and it has been reported in recent studies that the e-fuel
containing vanadium ions is capable of achieving a better performance including much higher

peak power density and energy efficiency than conventional direct liquid fuel cells do.!*'¢
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Herein, drawn by the superiorities of the e-fuel, a passive fuel cell has been designed and
fabricated utilizing the liquid e-fuel and paired with the ambient air for electricity production.
This passive fuel cell using the liquid e-fuel impressively results in a peak power density of
116.2 mW cm™ along with a stable operation for over 350 hours, which therefore place it as a

promising candidate with great prospects to realize future applications.

2. Working principle
The passive fuel cell structure (Figure 1) includes a membrane electrode assembly (MEA), an
e-fuel tank, a pair of current collectors and endplates. During the cell operation, the V" ions in
the e-fuel are oxidized to V** ions at the anode side, while the oxygen reduction reaction (ORR)
occurs at the cathode side. The overall reaction is thus given as:

V2++H++%02 —>V3++%H20 AE =149V (D
The theoretical voltage of this system is 1.49 V,'# which is higher than those of many common
direct alcohol fuel cells.
3. Experimental Section
3.1 Preparation of MEA
The MEA of this passive fuel cell (2.0 x 2.0 cm?) was fabricated following the method reported
previously,'* where a thermally treated graphite felt and a Pt/C coated carbon paper (2.0 mg
cm™) was used as anode and cathode, respectively.'* Nafion 117 pretreated following the
standard procedure reported previously was used as proton exchange membrane in the middle

of the MEA."#



3.2 Cell assembly and experimental apparatus

The passive fuel cell system consisting of an e-fuel tank and a pair of current collectors and
end plates was fabricated. The home-made e-fuel tank was prepared using acrylic with two
holes drilled on its top for e-fuel injection. The e-fuel was prepared by first dissolving VOSO4
into H2SO4 and thereafter charged by a typical flow cell. Deionized water was sprayed onto
the cathode to pre-humidify the electrode surface while 20.0 mL e-fuel to be supplied into the
cell was injected into the tank before further tests. Five current collectors (CCs) with different
designs and open ratios (ORs) were fabricated using graphite, namely CC1 to CC5. Among
them, CC1 and CC2 adopted the circular perforation design, while CC3 to CC5 adopted the
rectangular parallel channels design.” The OR of each current collector from CC1 to CC5 is
25.97%, 28.27%, 35.00%, 50.00%, and 70.00%, respectively. In addition, a transparent fuel
cell with an acrylic end plate and a graphite current collector engraved with a serpentine flow
filed was also fabricated to enable the visualization of the gas evolution process at the anode.
For the transparent fuel cell, a peristaltic pump was used for the e-fuel delivery at ~5.0 mL min
!, while the cell is under open circuit condition during the test.

The polarization and long-term discharge tests were performed using an Arbin BT2000 (Arbin
instrument Inc.). All experiments were conducted at ambient condition. For the long-term
operation behavior test, the Faradic, voltage and energy efficiencies are calculated using the
following equations'?:

i(t)dt

Faradic efficiency (%) | )
CinitVF
Voltage efficiency (%) = Eaver _ Eaver 2
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Energy efficiency (%) = Faradic efficiency x Voltage efficiency 3)

i(t) is the discharging current, while c¢;,;; and V represents the initial concentration of e-
fuel and volume of e-fuel, respectively. E . and Egpeols the average discharging voltage
and theoretical average voltage calculated based on the Nernst equation, respectively.

4. Results and discussion

4.1 General performance of the passive fuel cell

The general performance of this developed passive fuel cell is as depicted in Figure 2 (a),
where the cell is assembled with CC5 and using an e-fuel of 1.0 M V** ions. The cell is found
to achieve an open-circuit voltage (OCV) of 1.29 V with a peak power density of 116.2 mW
cm. It is worth to mention that, during the operation of this passive fuel cell, the V>* ions
would inevitably transport through the membrane to the cathode side, which thereby leads to a
mixed potential due to the simultaneous oxygen reduction reaction and vanadium oxidation
reaction and hence resulted in the potential loss.'* However, when compared with the
conventional passive and active liquid fuel cells reported before, as shown in Figure 2 (b) and
Table S1, this passive fuel cell utilizing the e-fuel is found to demonstrate a much higher peak
power density. Such an outstanding cell performance is ascribed to the superior reactivity of
the e-fuel at room temperature along with the optimized current collector design which allows
the ease of e-fuel delivery. Hence, it is considered that this passive fuel cell fed with the e-fuel

possesses great potential for future applications.

4.2 Effect of the current collector design

As one of the main components of a passive fuel cell, the current collector (CC) plays multiple



roles during the cell operation, which include allowing the conduction of electrons between the
electrode surface and the external circuit, and providing the pathways for the fuel delivery and
products removal.!” It is hence essential for the current collector to have superior electric
conductivity and ease of fuel transport.’ In this work, five CCs with various opening patterns
and ratios are designed and fabricated to optimize the cell performance. As shown in Figure 3
(a), CCl1 and CC2 adopted the circular perforation design, while CCs 3-5 adopted the
rectangular parallel channels design.’ All the CCs are assembled into the passive fuel cell to
conduct the polarization tests and the results are as presented in Figure 3 (b). It can be seen
that, feeding the cell with an e-fuel of 0.6 M V' ions, both the maximum current density and
the peak power density of the cell raise with the increment of the CC open ratio. In addition,
the concentration loss at the end of the polarization curve is found to decrease in this order.
Such result is due to the fact that, a higher open ratio of CC can provide larger pathways for
fuel supply, which thereby facilitate the transport of both oxygen and the e-fuel.!” However, it
is worth noticing that allowing a higher reactant contact area through a CC of high open ratio
could on the other hand lead to a high interfacial ohmic loss due to the sacrificed electric contact
area for electrons transport, which can eventually limit the cell performance.!” Still, overall,
CCS5 with its highest open ratio achieved the best performance among all the CCs tested and is

therefore chosen and used for further studies in this work.

4.3 Effect of the e-fuel concentration
As mentioned, the passive fuel cell only utilizes natural diffusion and convection for fuel
delivery.!” Hence, for a given cell design, the concentration of fuel in the tank is a major

variable with significant influence on the mass transport of reactants and the availability of
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sufficient reactants to the reactive surface, which is of paramount importance towards
determining the cell performance.'® Here, in order to examine the effects of the e-fuel
concentration on the cell performance, the liquid e-fuel with V' ions concentration varying
from 0.2 M to 1.0 M are studied. As shown in Figure 3 (c), the activation and concentration
losses of the cell are found to reduce effectively with the increase of e-fuel concentration. It is
because the high concentration of reactive species can lead to a raise of the fuel concentration
gradient between the tank and electrode surface, which thereby results in an enhanced mass
transport.'® This improved e-fuel delivery thereby can help to provide more reactive species to
the anode and hence promote the e-fuel oxidation reaction, leading to a better cell performance.
However, it should also be noted that the usage of e-fuel with higher concentration would on
the other hand promote the crossover of V2" ions through the membrane and thereby lead to

1‘19

the loss of fuel.!” Furthermore, the permeated V>* ions to the cathode side can also result in a

mixed potential due to the simultaneous e-fuel oxidation and oxygen reduction reactions, which

can further deteriorate the cell performance.'# 2

4.4 Long-term operation behavior

It is a crucial requirement for the passive fuel cell to attain a superior long-term stability before
realizing its wide commercialization. Here, to study the long-term operation behavior of this
system, the passive fuel cell has been tested at 5.0 mA cm™? and refueled for 25 times. The
discharge curves are as shown in Figure 4 (a), while the associated efficiencies - Faradic,
voltage, and energy efficiencies are calculated using the equations as reported before!® and as
shown in Figure 4 (b). The cell is found to achieve a stable operation for over 350 hours, with

little difference between the discharge curves obtained at the first and last cycle, indicating the
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excellent long-term stability of this system. It is also found that, in comparison to the discharge
curve obtained at the first cycle, the cell voltage at the last cycle is slightly lower. Such a
phenomenon may be ascribed to the crossover of reactive species across the membrane
inducing the accumulation of vanadium ions at the cathode side, which thereby block the
reactive surface of the catalysts and enlarges overpotential loss.!#!>2! Furthermore, it is worth
mentioning that, an unexpected gas evolution phenomenon was observed at the anode side
during the test, which can also obstruct the reactive surface at the anode and hamper the mass
transport of reactants, resulting in the fluctuation of cell voltage as demonstrated in the
discharge curves.???3 This phenomenon is later proved as a spontaneous hydrogen evolution
reaction and discussed extensively in the next section. Such a reaction accompanied with the
inevitable crossover of e-fuel through the membrane would result in the loss of reactive species,
which thereby lead to the loss of Faradic efficiency and further reduces the energy efficiency
of the cell. Overall, this present passive cell is found to achieve a stable energy efficiency of
~40% during the 25 times of refueling tests, demonstrating its superior capability for long-term

operation.

4.5 Visualizations of anode flow channels

As discussed in the previous section, during the long-term operation of this passive fuel cell,
an unexpected gas evolution phenomenon is observed at its anode side, which limits the
transport of the reactants and deteriorates the cell performance.?! In order to further observe
and examine this phenomenon, a transparent cell is designed and fabricated as shown in Figure
5, where a new graphite current collector engraved with a serpentine flow field is fabricated

and used as the anode current collector while CC5 is used at the cathode side. This transparent
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cell is assembled three times using the same MEA used for the previous tests, a used graphite
felt, and a fresh graphite felt, respectively. Four different solutions, including 3.0 M H2SOs,
and 1.0 M VO*/V3"/V?" in 3.0 M H2SOq, are fed into the anode side of the cell and the results
are as shown in Figure S1. Gas evolution was only observed when the e-fuel of 1.0 M V" is
used (Figure 6 (a)-(c)), which thereby indicate the occurrence of a spontaneous gas evolution

reaction.

Considering the superior reactivity of V> ions, even without any catalyst, the following

reaction as reported before might have happened,?*%

which results in a hydrogen generation
process:

V2 + H > V3t 4+ %Hz (2)
To prove and justify this idea, the generated gas is then collected from the outlet of the
transparent cell by water displacement method and then fed into a typical hydrogen-oxygen
fuel cell, which results in an OCV of 1.11 V (Figure S2) similar to the value obtained when
this cell is fed with pure hydrogen, thereby proving the presence of a spontaneous hydrogen
evolution reaction (HER) at the anode side. It is worth to mention that, during the visulization
tests, a similar gas evolution phenomenon is observed in the cell using the used MEA and the
used graphite felt, while a less severe gas generation process is observed when the fresh
thermally treated graphite felt anode is tested (Figure 6(a)-(c)).>* Such a phenomenon is
considered to be attributed to the superior catalytic reactivity of Pt, which penetrate from the
cathode side across the membrane after the cell operation.?6-?’ It is also worth to stress that, this

spontaneous HER should be regarded with great importance in this passive fuel cell system as

it could severely deteriorate the cell performance from the following aspects: i) the HER can
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occupy the reactive surface on the anode and lead to large overpotential loss;?® ii) this HER
will consume the reactive species and lead to fuel capacity loss; and iii) the generated hydrogen
gas can hamper the mass transport of the fuel and results in large mass transport polarization.?!
This HER may also raise safety concerns and thus requires careful attention. It is therefore a
critical consideration to develop an electrode of good reactivity to the e-fuel oxidation reaction
while suppressing the spontaneous HER so as to gain a better cell performance. In addition, it
is also essential to prevent any potential contamination from the environment during the cell
assembling and develop a membrane that can efficiently suppress the transport of catalyst from

the cathode side so as to attain a more stable cell performance.

5. Summary

In this work, a passive fuel cell utilizing the liquid e-fuel and ambient air for power generation
is designed and fabricated. It is found that both the current collector open ratios and e-fuel
compositions show a major effect on the transport of reactant inside the cell, which thereby
greatly influences the cell performance. The cell remarkably demonstrates a peak power
density of 116.2 mW cm™ along with a stable operation for over 350 hours, which even
outperforms many conventional active liquid fuel cells. Such a superior performance therefore
validates the capability of this developed passive fuel cell for wide-spread application in the
future especially for powering mobile devices. However, it is also found that a spontaneous
hydrogen evolution reaction happens at the anode, which would decrease the e-fuel capacity
and further deteriorate the cell performance. It is thus believed that further performance
enhancement of this passive fuel cell can be achieved in the future with the development of

electrode with superior reactivity to the e-fuel while also suppressing the undesired hydrogen
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evolution reaction. Water flooding, which is another critical issue responsible for limiting the
performance of this passive fuel cell, also needs to be addressed as it can hamper the delivery
of oxygen and thereby deteriorate the reaction kinetics at the cathode side. It is therefore
essential to investigate the influences of water flooding on the cell performance and develop a

suitable membrane and electrode to attain a better cell performance in the future.
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Figure captions

Figure 1 (a) Working principle, (b) design, and (c) fabrication of a passive fuel cell.

Figure 2 (a) General performance of a passive fuel cell; (b) Comparison of the peak power
density of the passive fuel cell with the data available in the open literature.

Figure 3 (a) Designs of five current collectors; (b) Polarization and power density curves of
this passive fuel cell with different designs; and (c) Polarization and power density curves of
this passive fuel cell with various e-fuel concentrations.

Figure 4 (a) Long-term discharging behavior and comparison of the 1% and 25" discharging
curves of this passive fuel cell (insert). (b) The Faradic, voltage, and energy efficiencies of this

passive fuel cell.

Figure 5 (a) Design and (b) fabrication of a fuel cell with a transparent anode flow field.

Figure 6 Visualizations of anode flow channels with (a) complete MEA, (b) used and (¢) fresh

thermally treated graphite felt anode, when fed with e-fuel (1.0 M V>* in 3.0 M H2SOs).
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Figure 1 (a) Working principle, (b) design, and (c) fabrication of a passive fuel cell.
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Figure 2 (a) General performance of a passive fuel cell; (b) Comparison of the peak power
density of the passive fuel cell with the data available in the open literature.

17



(a)

CcC1 Ccc2

(b) (c)
15 Anoiyte: E-fusl (0.6 M V" + 3.0 M HiS00 —=—CC1 OR(%}=25.97 150 1.5 ‘Anolyte: E-fuel {V° + 3.0 M HaS0q) —=—02M 150
Cuidant: Ambient air CC2 OR(%)=28 27 Oxidant: Ambinet air 04M
Membrane: Nafion 117 CC3 OR(%)=35.00 —_— Mambrane: Nafion 117 —r—06M .
12 —— CC4 OR(%)=50.004 120 1.2 [, Curent collecior: ©G5 OR(#1=70.00 0.8M 4120 %
—+—CC5 OR(%)=70.00 E ——10M E
o o
S osf loo 8 s 0sf loo
s o) E = E
& N z B z
g osf . {60 & & osf {60 @
] c
s 38 = a
03f 130 © 03} {30 &
3 3
o 1
o o
0.0 . L \ . 0 0.0 . . L 0
50 100 150 200 250 0 50 100 150 200 250
Current Density (mA cm?) Current Density (mA cm?)

Figure 3 (a) Designs of five current collectors; (b) Polarization and power density curves of
this passive fuel cell with different designs; and (c) Polarization and power density curves of
this passive fuel cell with various e-fuel concentrations.
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Figure 6 Visualizations of anode flow channels with (a) complete MEA, (b) used and (c) fresh
thermally treated graphite felt anode, when fed with e-fuel (1.0 M V2" in 3.0 M H2SOx).
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