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HIGHLIGHTS

An e-fuel cell fed with an
electrically rechargeable liquid
fuel is demonstrated

It consists of a catalyst-free
graphite-felt anode and a
conventional oxygen cathode

A peak power density of 293 mW
cm 2 and an energy efficiency of
42.3% are achieved

E-fuel charger

Fuel cell electric vehicles

Shi et al. demonstrate an e-fuel cell capable of converting an electrically
rechargeable liquid fuel into electricity. They achieve a peak power density of 293
mW cm~? and an energy efficiency of 42.3% at room temperature, thus
demonstrating the potential for powering future electric vehicles.
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SUMMARY

Direct liquid fuel cells with high energy density and facile fuel stor-
age have received increasing attention. Owing to the poor reactivity
of conventional liquid fuels, they not only require noble metal cata-
lysts for their oxidation but also exhibit limited performance. Here,
we report a power-generation system, the direct liquid e-fuel cell,
where "e-fuel” stands for “electrically rechargeable fuel.” This e-
fuel cell consists of a catalyst-free graphite-felt anode and a conven-
tional oxygen cathode separated by a proton exchange membrane,
producing a maximum current density of 750 mA cm 2, a peak po-
wer density of 293 mW cm 2, and an energy efficiency of 42.3% at
room temperature, which is much higher than the performances
achieved by conventional direct liquid fuel cells. This emerging tech-
nology, capable of fast recharging, could be a powerful, efficient,
cost-effective, and durable power-generation device, showing
great potential for commercialization in the fuel cell electric vehicle
industry.

INTRODUCTION

In the last decade, the rising demand for the utilization of renewable energy has
drawn more and more attention to energy conversion and storage systems. Among
various energy conversion systems, the hydrogen fuel cell attributed to its high en-
ergy density and efficiency has been extensively studied'~” and applied in the elec-
tric vehicle industry for fuel cell electric vehicles (FCEVs). However, the widespread
application of hydrogen fuel cells is restricted by many difficulties associated with
the production, transportation, and storage of gaseous hydrogen.'®"" As an alterna-
tive, therefore, direct liquid fuel cells (DLFCs) have received ever-increasing atten-
tion and become one of the most promising power sources for portable electric de-
vices and FCEVs, primarily because unlike gaseous hydrogen, liquid fuels are energy
dense and easy and safe to store and transport as gasoline.'”'?"'> However, most of
these developed DLFCs must use noble metal catalysts for liquid fuel oxidation re-
actions but yield limited fuel cell performance, as shown in Tables S1 16-24 3nd
§2,16:20-23.2531 greatly hindering their widespread application.*~’

Recently, the T.S. Zhao research group at The Hong Kong University of Science and
Technology proposed an electrically rechargeable liquid fuel (e-fuel) concept, and it
has attracted worldwide attention.*®?? Radically different from conventional liquid
fuels such as methanol and ethanol, this e-fuel is typically made of various electro-
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active species, including inorganic materials (e.g., metal ions), organic materials

Compared to conventional liquid fuels, this e-fuel offers three major advantages.
First, this e-fuel can be recharged and recycled by a simple electrochemical reaction, *Correspondence: liang.an@polyu.edu.hk
greatly reducing the e-fuel production cost of the e-fuel cell system. It was reported https://doi.org/10.1016/j.xcrp.2020.100102
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that the e-fuel solution can be used for >100 cycles, showing a coulombic efficiency
of ~98% and a capacity decay rate of 0.1% per cycle, thus proving its excellent re-
chargeability.*® Second, this e-fuel shows a high electrochemical reactivity even
on carbon-based materials, thereby eliminating the use of any noble metal catalysts,
which not only dramatically reduces the cell fabrication cost of the e-fuel cell but also
greatly improves the e-fuel cell durability. Third, many liquid fuels (e.g., ethanol) suf-
fer from the difficulty of breaking strong C—C bonds on the existing electrocatalysts,
seriously limiting the fuel cell power density and energy efficiency, while this e-fuel
exhibits faster kinetics and complete oxidation (typically, one-electron transfer pro-
cess), dramatically boosting the e-fuel cell performance and in turn reducing the e-
fuel cell system cost per unit power.

Although Li-ion battery technology has achieved great success during its commer-
cialization process and has become the most widely used power source in battery
electric vehicles (BEVs),"**? its low energy capacity and long recharging duration
seriously restrict the travel distance of BEVs and their market penetration.**™** In
comparison, the e-fuel cell system can independently alter its storage capacity (via
changing the e-fuel volume and concentration) and power (via changing the elec-
trode size), respectively. Meanwhile, the e-fuel cell system can be recharged by sim-
ply replacing the exhausted e-fuel solution with a fresh one, like refueling gasoline,
which greatly shortens the recharging time.

Inspired by the e-fuel concept, here, we demonstrate a direct liquid e-fuel cell fed
with the e-fuel solution as fuel and the pure oxygen as oxidant. Like conventional
fuel cells, this e-fuel cell has a sandwich-like structure consisting of a catalyst-free
graphite-felt anode and a conventional oxygen cathode separated by a proton ex-
change membrane. In addition, the e-fuel cell system includes an e-fuel-oxygen de-
livery system and other external accessories, as illustrated in Figure 1A. It has been
demonstrated that the present e-fuel cell exhibits an open-circuit voltage (OCV) of
1.23 V, a maximum current density of 750 mA cm~2, a peak power density of 293
mW cm~?, and an energy efficiency of 42.3% at room temperature. Hence, the
above-mentioned advantages make the present e-fuel cell system a promising
candidate for powering FCEVs in the future.

RESULTS AND DISCUSSION

Working Principle

The e-fuel cell structure consists of a membrane electrode assembly (MEA) clamped
by a pair of graphite plates containing a serpentine flow channel, as shown in Fig-
ure 1. The MEA consists of a catalyst-free graphite felt anode, a proton exchange
membrane, and a conventional oxygen cathode. The e-fuel cell system contains
an e-fuel cell, an e-fuel tank, an oxygen cylinder, and other accessories. During
the e-fuel cell operation, the e-fuel solution containing V2" ions is pumped into
the anode flow channel, and then V2" ions transport to the porous anode, where

V2* ions are oxidized to V3* ions and electrons according to Equation 1:%

V2 5\ en E0= — 0.26V (Equation 1)

Then, electrons will travel through the external circuit and arrive at the cathode while
protons in the anolyte will migrate through the membrane to the cathode to com-
plete the circuit. On the cathode, oxygen is supplied to the cathode flow channel
and then transported to the porous cathode, where the oxygen reduction reaction
(ORR) takes place according to Equation 2:%°
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Figure 1. Scheme of an E-fuel Cell
(A) Working principle of an e-fuel cell.
(B and C) Design (B) and fabrication (C) of an e-fuel cell.

Anode Ca?ode QQ%

1 1
ZOZ +H" +e —>§HZO ES: + 1.23V (Equation 2)
Hence, combining two reactions on the anode and cathode results in an overall
reaction:*®
1 1
V34 202 +H' —V3* +5H:0 E°=1.49V (Equation 3)

This e-fuel cell, fed with the electrolyte containing V2* ions and pure oxygen, offers a
theoretical voltage of as high as 1.49 V, which is much higher than those of many con-
ventional DLFCs, such as direct ethanol fuel cells (1.14 V),*”*® direct methanol fuel
cells (1.21V),*°° and direct ethylene glycol fuel cells (1.09 V),”" creating an energy-
dense electrochemical power-generation system.

Physical and Chemical Characterization of E-fuel Cell Electrodes

The surface morphologies of the catalyst-free graphite-felt anode and the conven-
tional oxygen cathode were characterized by the scanning electron microscope
(SEM). It is seen from Figures 2A and 2B that the catalyst-free graphite-felt anode
was built with its interconnected carbon fibers,? thereby eliminating the use of no-
ble metal catalysts.”*>* Figures 2C and 2D show the surface morphology of the con-
ventional oxygen cathode (Pt/C-coated carbon paper), in which a dense layer of

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 1, 100102, July 22, 2020 3




¢? CellPress

OPEN ACCESS

A
C
E 0.3 F 0.3
——60mV s* ——60mV s
0.2} —-—40mv st 0.2f —---40mv st
- — 20mVs* - = 20mVst
----- 10mV s+t
_ 01} S s _ 01}
< <
- oot < 00t
c c
3 3
£ -01p L 01fF
3 3
o o
0.2+ 0.2
0.3+ -0.3F
04 L L . L L L 04 . L . . L L
12 10 -08 -06 -04 -02 0.0 0.2 12 10 -08 -06 -04 -02 0.0 0.2
Potential (V vs. SCE) Potential (V vs. SCE)

Figure 2. Physical and Chemical Characterization of 2 Electrodes

(A-D) Surface morphologies of the catalyst-free graphite-felt anode: (A) top surface view (scale bar,
100 um), (B) single fiber level (scale bar, 5 um), and the conventional oxygen cathode (C) top surface
view (scale bar, 100 um) and (D) single fiber level (scale bar, 5 um).

(E and F) Electrochemical kinetics of the catalyst-free graphite-felt electrode (E) before and (F) after
thermal treatment.

catalyst nanoparticles is coated on the whole surface of the carbon fibers and the
porous structure and high specific area are believed to be retained. To evaluate
the electrochemical performance improvement of the catalyst-free graphite-felt
anode after thermal treatment, a cyclic voltammetry (CVs) test was carried out at
different scan rates and the results are shown in Figures 2E and 2F. Without thermal
treatment, there is no distinct oxidation peak corresponding to the oxidation of the
V2* ions. In contrast, a clear and high anodic peak appears after thermal treatment,
indicating that the e-fuel solution is highly reactive on the thermally treated
graphite-felt electrode even without using any noble metal catalysts. Such an
improvement in performance after the thermal treatment is mainly attributed to
the following aspects: (1) the reaction between oxygen and graphite felt creates ox-
ygen functional groups (e.g., hydroxyl functional groups), which can accelerate the
vanadium-ion oxidation;>> (2) meanwhile, the reaction will also create numerous
pores on the surface and thus enlarge the specific surface area;’® and (3) the
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Figure 3. The E-fuel Cell Performance at Room Temperature

(A) Polarization and power density curves with a peak current density of 750 mA cm~2 and a peak

power density of 293 mW cm 2,

(B) Constant-current discharging behavior with an energy efficiency of 42.3%.

(C and D) Energy efficiency (C) and peak power density (D) comparisons of various direct liquid fuel
cells.

See also Tables S1 and S2 for detailed performance comparisons.

formation of oxygen functional groups further improves the hydrophilicity and thus
increases the effective surface area.”*>”*® Thus, this striking feature ensures that the
e-fuel cell will have cost-effectiveness and durability.* It should also be mentioned
that radically different from the catalyst layer made of granular materials in conven-
tional DLFCs, the anode catalyst layer of this direct liquid e-fuel cell is made of
fibrous graphite-felt materials, which has a dual-scaled pore structure (primary pores
formed by voids among the fibers and secondary pores inside fibers created by ther-
mal treatment).®”°

General Performance

As shown in Figures 3A and 3B, it has been experimentally demonstrated that the
present direct liquid e-fuel cell, consisting of a catalyst-free graphite-felt anode
and a conventional oxygen cathode separated by a proton exchange membrane, re-
sults in an OCV of 1.23 V, a maximum current density of 750 mA cm 2, a peak power
density of 293 mW cm~2, and an energy efficiency of 42.3% at room temperature.
The e-fuel cell performance is much higher than those of the conventional DLFCs
previously reported in the open literature, as shown in Figures 3C and 3D."*7" It
is worth mentioning that the OCV (1.23 V) of this direct liquid e-fuel cell is lower
than the theoretical voltage (1.49 V), which mainly results from the activation loss
and the fuel crossover. In this e-fuel cell, the cathodic reaction (oxygen reduction®’)
predominates over the activation loss due to the super-fast anodic reaction (vana-
dium ion oxidation®®). Meanwhile, the membrane is permeable to vanadium ions
in addition to protons, and thus the presence of vanadium ions at the cathode leads
to a mixed potential created by simultaneous vanadium-ion oxidation and oxygen
reduction.®” As such, the loss of 0.26 V under an open-circuit condition is mainly
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caused by the cathode. Compared to conventional liquid fuels such as methanol and
ethanol, the present e-fuel is electrically rechargeable, which allows operation for
>100 cycles, greatly reducing the fuel production cost to as low as US$0.01 L~
per refueling, as shown in Table S3, proving it to be a cost-effective alternative
fuel. Furthermore, for some liquid fuels such as ethanol, due to the existence of
the strong C-C bond, the fuel cell could present only a low energy efficiency (nor-
mally lower than 30%, as shown in Table S1). What is worse is that the conventional
DLFCs always require noble metal catalysts in preparing the anode but show a very
limited power density (normally a few tens of milliwatts per square centimeter, as
shown in Table S2), primarily because of the sluggish electrochemical kinetics of
liquid fuel oxidation reaction on the existing electrocatalysts. The present e-fuel is
highly reactive even on carbon-based materials. This not only dramatically boosts
the e-fuel cell performance and thus makes the system both powerful and efficient
but it also eliminates the use of any noble metal catalysts, thus making the power-
generation system both cost-effective and durable, with a system cost estimation
per unit power as low as US$640.67 kW™" (as shown in Table S4). Hence, the direct
liquid e-fuel cell with its fast recharging is a powerful, efficient, cost-effective, and
durable power-generation device. This emerging technology has great potential
for widespread commercialization in the future FCEV industry.

Effect of the E-fuel Solution Composition on the E-fuel Cell Performance

Figures 4A and 4B show the performance of the direct liquid e-fuel cell fed with the e-
fuel solution containing various concentrations of V2* ions, ranging from 0.1 to 1.0
M. It is noted that the e-fuel cell performance is improved by increasing the V2*
ion concentration from 0.1 to 0.5 M, while a further increase to 1.0 M decreases
the e-fuel cell performance, yielding its best performance at 0.5 M V2* jons in the
e-fuel solution—a peak power density of 278 mW cm ™2 and a maximum current den-
sity of 690 mA cm ™2, respectively, at room temperature. Such superior performance
is mainly attributed to the fast reaction kinetics of the highly reactive e-fuel solution,
even on carbon-based materials. Increasing the V2* ion concentration from 0.1 to
0.5 M not only enhances the mass transport of V2* ions from the anode flow field
to the electrode surface, lowering the concentration loss, but also accelerates the
interfacial reaction kinetics, seen by the electrochemical impedance spectroscopy
(EIS) results in Figure 4C and Table S5, reducing the activation loss and thus boosting
the e-fuel cell performance.® However, a further increase to 1.0 M slightly degrades
the e-fuel cell performance because of an increase in the charge transfer resistance,
as shown in Figure 4C and Table S5. Hence, a 0.5-M operation results in the fastest
anodic kinetics, which is consistent with many previous experimental

investigations.®%¢>

Effect of the E-fuel Solution Flow Rate on the E-fuel Cell Performance

The flow rate of the e-fuel solution is another important operating parameter that af-
fects the mass transport process and thus the e-fuel cell performance.®® The exper-
iments were conducted at flow rates ranging from 5 to 80 mL min™~", fed with the e-
fuel solution containing 0.5 and 1.0 M V2* ions, respectively. It is seen in Figures 4D
and 4E that, when the e-fuel cell was fed with the e-fuel containing 1.0 M V?*ions, the
peak power density was increased from 247 to 281 mW cm 2 as the flow rate was
increased from 5 to 80 mL min™"; this is attributed to the enhanced mass transport
of reactants and the reduced charge transfer resistance, as evidenced by the EIS re-
sults in Table Sé. It is also worth noting from Figures 4D and 4E that when the flow
rate exceeds 60 mL min~", no obvious performance improvement can be observed,
confirming the notion that a sufficient reactant concentration on the porous elec-

trode surface is achieved. Hence, it is believed that the flow rate of 60 mL min~'
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Figure 4. Effects of the Operating Parameters on the E-fuel Cell Performance
(A-C) The effect of the e-fuel composition on the (A) voltage, (B) power density, and (C) charge transfer resistance. The optimal e-fuel composition
contains 0.5 M VZ* ions.

(D-F) The effect of the e-fuel (containing 1.0 M V2* ions) flow rate on the (D) voltage, (E) power density, and (F) charge transfer resistance. The optimal

flow rate is 60 mL min~".

(G-1) The effect of the e-fuel (containing 0.5 M V2* ions) flow rate on the (G) voltage, (H) power density, and () charge transfer resistance. The optimal

flow rate is 60 mL min~".

See also Tables S5 and S6 for detailed charge transfer resistances.

can be the best choice for this e-fuel cell to achieve its best performance while main-
taining a higher system efficiency with a relatively lower pump power consump-
tion.®”-°® Similarly, when the present e-fuel cell was fed with 0.5 M V2" ions, the per-
formance was also upgraded with the e-fuel solution flow rate—the maximum
current density from 570 to 750 mA cm 2 and the peak power density from 237 to
293 mW cm 2, as shown in Figures 4G and 4H. Further attention paid to the EIS re-
sults in Figure 4l and Table Sé confirms that while the e-fuel solution flow rate has an
insignificant effect on the ohmic resistance of the e-fuel cell, it can reduce the mass
transport resistance, consequently being an important factor that greatly influences
the charge transfer resistance and in turn the e-fuel cell performance.

Constant-Current Discharging Behavior
The constant-current discharging behavior of the present direct liquid e-fuel cell is
examined at 4 different operating current densities: 10, 20, 40, and 80 mA cm™2

I
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Figure 5. Constant-Current Discharging Behaviors of This E-fuel Cell
(A and B) Discharge voltage (A) and Faradic efficiency and energy efficiency (B) for using the e-fuel
containing 0.5 M V2* ions at the current density range from 10 to 80 mA cm ™2,

(C and D) Discharge voltage (C) and Faradic efficiency and energy efficiency (D) for using the e-fuel

containing 1.0 M V2* ions at the current density range from 10 to 80 mA cm ™2,

The peak energy efficiency of 42.3% is achieved at a current density of 80 mA cm ™2,

See also Figures S1-58 for detailed calculations of Faradic efficiency and energy efficiency.

fed with the e-fuel solution containing 0.5 and 1.0 M V2* ions, respectively, as
shown in Figures 5A and 5C. It is observed that a higher constant-current operation
slightly lowers the voltage plateau but largely increases the energy output
(achieved energy capacity). On the one hand, a higher constant-current operation
results in a shorter duration for the e-fuel cell discharging and thus alleviates the
negative self-discharging, resulting in a larger discharging energy capacity. On
the other hand, increasing the constant-current density leads to a larger ohmic
loss, thereby lowering the voltage plateau. In this e-fuel cell, the membrane is
also permeable to vanadium ions in addition to protons, but the presence of the
e-fuel solution on the Pt surface of the cathode leads to the mixed potential®’
created by the simultaneous vanadium ion oxidation and oxygen reduction and
the self-discharging, referring to the loss of energy stored in the e-fuel solu-
tion."*°? Hence, to alleviate the e-fuel crossover phenomenon, a thick Nafion
117 membrane has been used in this direct liquid e-fuel cell fabrication. In addi-
tion, previous investigations have shown that the vanadium ion permeability of
the Nafion 117 membrane is 35.6 x 1077 cm? min™", with a proton conductivity
of 58.7 mS cm~".”% Alternatively, another effective approach to alleviate the e-
fuel crossover is to develop membranes with a higher ion selectivity. It is also worth
mentioning that the proton concentration in the e-fuel solution determines the
ionic conductivities of both the e-fuel solution and the proton exchange mem-
brane,”" which thus further influences the e-fuel cell performance. It can be esti-
mated that, based on the anodic reaction, even if 1.0 M V?* ions in the e-fuel so-
lution are completely consumed, the proton concentration will only decrease from
6.0 to 5.0 M.
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Energy Efficiency of the Present E-fuel Cell

As shown in Figure 5D, for the e-fuel cell running with 1.0 M V2" ions, the Faradic ef-
ficiency was increased from 38.3% to 75.9% by increasing the constant-current den-
sity from 10 to 80 mA cm ™2 due to the shorter discharging duration at a higher con-
stant-current density. The energy losses and energy efficiencies at various constant-
current densities are summarized in Figures S1-54 (with 1.0 M V2* ions) and Figures
S5-5S8 (with 0.5 M V2" ions), respectively. For example, the e-fuel cell running on the
e-fuel solution containing 1.0 M V?* ions, the energy efficiencies of 25.9%, 29.9%,
31.9%, and 42.3% were achieved at constant-current densities of 10, 20, 40, and
80 mA cm™?, respectively, as shown in Figure 5D. In some conventional liquid fuels
such as ethanol, the existence of the strong C-C bond leads to a limited energy ef-
ficiency (<30%, as shown in Table S1) and a low peak power density (<100 mW cm?,
as shown in Table S2), even at temperatures up to 80°C, seriously limiting the wide-
spread application of conventional DLFCs. Hence, the present e-fuel cell exhibits an
energy efficiency of 42.3% at a current density of 80 mA cm 2, even at room temper-
ature (i.e., 23°C), indicating that the present e-fuel cell is a promising candidate for
powering future FCEVs. It should be mentioned that the energy density of the e-fuel
solution (as shown in Table S3) is still lower than other liquid organic fuels, which is
seriously limited by the vanadium ion solubility (e.g., 3.28 M at 20°C’?) and 1 elec-
tron release per vanadium ion. Hence, it will be critical to screen and develop the
e-fuel solution with a higher energy density in the future.

In this work, we have demonstrated a power-generation system: the direct liquid e-
fuel cell, which is capable of efficiently converting e-fuel to electricity at a high rate.
Experimentally, it is shown that the present direct liquid e-fuel cell, consisting of a
catalyst-free graphite-felt anode and a conventional oxygen cathode separated by
a proton exchange membrane, results in an open-circuit voltage of 1.23 V, a
maximum current density of 750 mA cm™2, a peak power density of 293 mW
cm 2, and an energy efficiency of 42.3% at room temperature, all of which are
much higher than the previously reported performances of conventional DLFCs.
Such an improvement opens a window for breakthroughs in the development of
this emerging e-fuel cell technology.

In summary, this direct liquid e-fuel cell with its fast recharging is a powerful, effi-
cient, cost-effective, and durable power-generation device. This emerging technol-
ogy is closer to reality, particularly in the fuel cell electric vehicle industry.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for data and resources should be directed to and
be fulfilled by the Lead Contact, Liang An (liang.an@polyu.edu.hk).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
This study did not generate/analyze datasets and code.

Preparation of Membrane Electrode Assembly

An MEA consisting of two homemade electrodes is separated by a commercial pro-
ton exchange membrane in this work. A homemade Pt/C-coated carbon paper was
used as the conventional oxygen cathode, which was prepared using a method
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reported elsewhere.”* The commercial catalysts, 60 wt% Pt/C (Johnson Matthey),
were mixed with 5.0 wt% Nafion (Fuel Cell Store) as the binder and ethanol as the
solvent to form the catalyst ink, which was dispersed in an ultrasonic bath for
30 min. Then, the as-prepared ink was sprayed onto a piece of carbon paper that
serves as the backing layer. The metallic loading on the cathode was ~0.5 mg
cm 2 A graphite felt (AvCarb G100, Fuel Cell Store) was heated at 500°C for 5 h
to improve its wettability and activity”®’* as the catalyst-free graphite-felt anode.
The geometric area for both the anode and the cathode was 2.0 X 2.0 cm. The Na-
fion 117 membrane as the proton exchange membrane was cut into a 3.0 X 3.0 cm
piece and treated using standard procedures.”” The membrane was boiled for 1 hin
3.0 wt% H,O, solution and then for 1 h in deionized (D) water. Afterward, it was
boiled for 1 hiin 1.0 M H,SO,4 and again for 1 h in the DI water. Finally, it was stored
in the DI water before further use.

E-fuel Cell Setup and Instrumentation

To evaluate the e-fuel cell performance, an e-fuel cell fixture was fabricated, as
shown in Figures 1B and 1C. Each side of this e-fuel cell fixture includes a plastic-
made endplate, an aluminum heating plate, an Au-coated Cu current collector,
and a graphite flow field. Several polytetrafluoroethylene (PTFE) gaskets were
placed among components to avoid the gas and liquid leakage. The serpentine
flow field with an area of 2.0 X 2.0 cm was engraved on the graphite to provide
the e-fuel-oxygen flowing channel. An oxygen cylinder was connected to the cath-
ode flow channel to supply the oxygen, and a mass flowmeter (Cole-Parmer) was
installed to control the oxygen flow rate at 250 sccm. To prepare the e-fuel solution
containing V2* ions, vanadyl sulfate powder was dissolved in sulfuric acid to form a
mixed solution,”® and then an electrochemical flow cell setup was used to
convert VO?* ions to V?* ions’”’® using a 20-mL e-fuel solution with a flow rate of
52 mL min~".

The polarization curves and constant-current discharging curves of the e-fuel cell

were recorded using an electric load (Arbin BT2000, Arbin Instruments). It should

be mentioned that the e-fuel solution was kept circulating between the e-fuel cell

and the e-fuel tank. The fuel utilization efficiency, Faradic efficiency 7 is calculated
with Equation 4:”7

[i(t)dt .

=" Equation 4

n= VE (Eq )

where tis the duration of the discharging process, i(t) is the discharging current; ¢

represents the initial concentration of V2" ions in the e-fuel solution, Vis the volume

of the e-fuel solution, and Fis the Faraday constant. The energy efficiency ¢ is calcu-

lated based on the product of the voltage efficiency (¢ = Ej;:o) and Faradic efficiency
(m):"”

E .
E=oxn=""Sx1, (Equation 5)

Etheo
where E,., is the average discharging voltage, while E;;., is the theoretical average

voltage. 4Eis the theoretical voltage that is calculated based on the Nernst equation

aSSO
AE = Eo —Eln Ha;‘groducts _ Eo —E/ﬂ Hb\groducts _ EO +Eln CH+ X Cy2+
° nF Ha:éactants ° nF Hb:éactants F Cy3+
(Equation 6)
and
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V3 +
Etheo = )
Cinit Cinit

(Equation 7)

where Ris the universal gas constant and T is the absolute temperature.

An electrochemical workstation (CHI-605C, CH Instruments) was used to conduct
the EIS and CV tests. The EIS tests were conducted with a frequency range between
0.01 and 10° Hz. The CV tests were conducted by a three-electrode electrochemical
cell, in which the graphite felt (both of pristine graphite felt and thermally treated
graphite felt), Pt mesh, and saturated calomel electrode (SCE) were used as the
working electrode, the counter electrode, and the reference electrode, respectively.
The e-fuel solution for CV tests is an aqueous solution containing 0.1 M V2" ions and
1.5 M H,SOy, and the voltage range was 0.1 to —1.0 V.
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