Science Bulletin 64 (2019) 270-280

Contents lists available at ScienceDirect

Science
[Bulletin|

Science Bulletin

www.scibull.com

journal homepage: www.elsevier.com/locate/scib

Article

A novel energy storage system incorporating electrically rechargeable liquid fuels
as the storage medium

Haoran Jiang, Lei Wei, Xinzhuang Fan, Jianbo Xu, Wei Shyy, Tianshou Zhao *

Department of Mechanical and Aerospace Engineering, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China

ARTICLE INFO ABSTRACT

Article history:

Received 12 January 2019

Received in revised form 16 January 2019
Accepted 22 January 2019

Available online 25 January 2019

We propose a novel concept of energy storage that incorporates electrically rechargeable liquid fuels
made of electroactive species, known as e-fuels, as the storage medium. This e-fuel energy storage system
comprises an e-fuel charger and an e-fuel cell. The e-fuel charger electrically charges e-fuels, while the e-
fuel cell subsequently generates electricity using charged e-fuels whenever and wherever on demand.
The e-fuel energy storage system possesses all the advantages of conventional hydrogen storage systems,
but unlike hydrogen, liquid e-fuels are as easy and safe to store and transport as gasoline. The potential e-
fuel candidates have been identified to include inorganic electroactive materials, organic electroactive
materials, and suspension of solid electroactive materials. In this work, we demonstrate an example e-
fuel energy storage system for large-scale energy storage using inorganic e-fuels composed of V2*/V3*
and VO?*/VO3 redox couples, and compare the performance of the e-fuel energy storage system with that
of existing technologies. Results show that our e-fuel charger achieves a charge efficiency of as high as
~94%, while the e-fuel cell is capable of delivering a peak power density of 3.4 W cm—2, which is 1.7 times
higher than that of hydrogen fuel cells. More excitingly, the e-fuel energy storage system exhibits a
round-trip efficiency of 80.0% and an electrolyte utilization of 83.0% at an ultra-high discharge current
density of 1,000 mA cm~2, which are 19.9% and 67.3% higher than those of conventional vanadium redox
flow batteries. This unprecedented performance allows a 27.0% reduction in the capital cost of the e-fuel
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energy storage system compared with that of vanadium redox flow batteries.
© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

The newly approved landmark Paris climate agreement aims to
prevent global temperatures from rising another degree Celsius
between now and 2100 [1]. Accomplishing this goal will be a her-
culean task, as it means coming up with a continuous flow of
carbon-free power two to three times greater than today’s total
energy supply to sustain the economic development for a global
population approaching 11 billion by the end of the century. Solar
and wind energies are two of the largest sustainable sources of
carbon-free power, and the past decade has seen remarkable pro-
gress in both solar photovoltaics and wind turbines [2]. However,
the widespread use of renewables is hindered because the electric-
ity directly obtained from photovoltaics and wind turbines is inter-
mittent and, thus, unreliable. An ultimate solution to solve this
issue is to develop off- and micro-grid systems that can store
energy to secure an efficient and stable supply of electricity. In
addition to the usual requirements of efficiency, scalability,

* Corresponding author.
E-mail address: metzhao@ust.hk (T. Zhao).

https://doi.org/10.1016/j.scib.2019.01.014

durability, and economy, these energy storage systems should be
independent of site, able to operate continuously, and capable of
storing energy safely for prolonged periods.

Current and emerging energy storage technologies that might
be suited to off- and micro-grid systems include pumped hydro,
compressed air, supercapacitors, solid-state batteries, flow batter-
ies, and hydrogen storage, among others. Pumped hydro and com-
pressed air, which employ water or ambient air as the energy-
bearing materials, have significant advantages in terms of cost
and lifetime. However, these technologies are highly site-
dependent and limited by local geography or geology, so they are
not easily deployable [3,4]. Supercapacitors have split-second
response time, are capable of deep discharge, and can deliver high
power, but only for short durations, so they are more suitable for
managing power quality than for storing renewables [5]. Solid-
state batteries can be used independent of site and are highly
energy efficient. They have gained popularity in applications rang-
ing from portable electronic devices to electrical vehicles, but not
so in medium- to large-scale applications because of their poor
scalability, high cost, short lifetime, and safety concerns [6]. An
emerging alternative to solid-state batteries in large-scale
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application is flow batteries, which represent a promising energy
storage technology as they offer excellent scalability, high energy
efficiency, and long lifetime. However, current flow batteries have
yet to penetrate the market, mainly because of their poor perfor-
mance, low energy density, and high capital cost [7,8].

For future off- and micro-grid energy storage systems, solar or
wind power systems should be able to store energy for days to
approximately a week, with or without connections to the electric
grid [9]. In this regard, it would be more attractive to convert elec-
tricity to fuels to store electricity, since fuels, such as gasoline, are
inexpensive to store for periods of a week or more, and are easy to
transport. The most developed system based on this concept is the
hydrogen storage system, in which hydrogen is employed as the
fuel [10]. Hydrogen can be generated locally by electrolysis of
water using intermittent solar or wind power. Later, when com-
bined with air in engines or fuel cells, hydrogen can regenerate
electricity on demand. However, the low energy efficiency, and
the short lifetime of electrolyzers and fuel cells combine to reduce
the attractiveness of this technology [11-13]. More fatally, hydro-
gen is in a gaseous state and is hard to store and transport, which
greatly increase the capital cost and lead to severe safety concerns.

To enable the widespread deployment of intermittent and scat-
tered renewables, we propose a novel concept of energy storage
that incorporates electrically rechargeable liquid fuels made of
electroactive species, known as e-fuels, as the storage medium.
This e-fuel energy storage system possesses all the advantages of
conventional hydrogen storage systems, but unlike hydrogen, liq-
uid e-fuels are as easy and safe to store and transport as gasoline.
The e-fuel energy storage system (e-fuel system), as illustrated in
Fig. 1, consists of an e-fuel charger and an e-fuel cell. The e-fuel
charger electrically charges e-fuels to store the intermittent elec-
tricity harvested with wind turbines and solar photovoltaics in lig-
uid fuels, while the e-fuel cell can generate electricity using
charged e-fuels wherever and whenever on demand. The charged
and discharged e-fuels are stored in external reservoirs and can
be easily transported by pipelines, trucks, or ships. The ease of stor-
ing and transporting e-fuel makes the e-fuel system an excellent
choice not only for grid-scale energy storage, but also for off-grid
power supplies to power sites not on the grid. Unlike all existing
rechargeable electrical energy storage systems, which operate in
either the charge or discharge mode, the proposed e-fuel system
allows simultaneous storage and utilization of energy, as the e-
fuel charger and e-fuel cell are operated independently. In addi-
tion, the stand-alone power pack even holds the potential to propel
next-generation vehicles with not only a safer driving experience,
but also a refueling time akin to that of gasoline, at a fraction of
the cost of today’s lithium-ion batteries.

The potential e-fuels can be made of three categories of elec-
troactive materials, including inorganic materials (e.g., metal ions,
halide ions, and metal ionic compounds), organic materials (e.g.,
quinones, alloxazines, and nitroxyl radicals), and suspensions of
particles (named as nanofluid e-fuels, e.g., polysulphide-based
nanofluid and metal-ion intercalated nanofluid). In this work, we
demonstrate an example e-fuel system for large-scale energy stor-
age with the e-fuels composed of V2*/V3* and VO?*/VO3 redox cou-
ples, which are also the electroactive species of conventional
vanadium redox flow batteries (VRFBs). In the past decades, the
commercialization of VRFBs has been hindered by the low power
density, low electrolyte utilization, fast capacity decay, and high
capital cost [14-16], due largely to the contradiction of require-
ments between charge and discharge processes. The e-fuel system
overcomes these impediments. Unlike in conventional flow batter-
ies that constrain the charge and discharge processes to one stack,
the e-fuel system separates the charge and discharge processes to
the e-fuel charger and e-fuel cell, which can be designed, opti-
mized, and operated independently to suppress side reactions,
maximize the power density, and increase the electrolyte
utilization.

2. Methods
2.1. Electrode fabrication and characterization

Commercially available graphite felts (SGL Group, GFA6 EA)
were separated along the cross section, washed with ethanol, and
dried in a vacuum oven to act as the starting materials. Highly
active graphite felts (HAGF) were prepared by annealing the start-
ing graphite felts in a muffle furnace at 500 °C for 8 h with a heat-
ing rate of 5°Cmin~! in the ambient air. Traditional VRFB
electrodes were prepared by annealing the starting graphite felts
in a muffle furnace at 400 °C for 4h with a heating rate of
5°Cmin~! in ambient air. 0.1 mmol Pb was electrodeposited onto
the negative electrode of the e-fuel charger by charging it with a
20 mL solution containing 0.3 mol L~! Fe(S03CHs), + 0.15 mol L™!
Pb(SO5CH3), + 2.0 mol L~! HSO3CH; as both negative and positive
electrolytes. In addition, 0.1 mmol Bi was electrodeposited on the
negative electrode of the e-fuel cell by charging it with a 20 mL
solution containing 0.1 molL~! BiCl;+3.0molL™' HCl and
0.1 mol L~! VOSO, + 3.0 mol L~! HCl as negative and positive elec-
trolytes, respectively. The surface morphologies of the electrodes
were observed by a scanning electron microscope (JEOL-6700
SEM) at an acceleration voltage of 10.0 kV. X-ray photoelectron
spectroscopy (XPS) characterization was conducted using Al
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Fig. 1. Schematic of the e-fuel energy storage system.
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monochromatic X-rays at a power of 350 W by a Physical Electron-
ics PHI 5600 multi-technique system.

2.2. Assembly of the e-fuel system

The e-fuel system was constructed by connecting an e-fuel
charger and an e-fuel cell with two e-fuel tanks. Both the e-fuel
charger and the e-fuel cell were assembled by bolting together
the following components in the following order: a bakelite plate,
an aluminum plate, a gold-coated copper plate, a graphite plate, a
negative electrode, a membrane, a positive electrode, a graphite
plate, a gold-coated copper plate, an aluminum plate, and a bake-
lite plate. For the e-fuel charger, one piece of the Pb-modified HAGF
was used as the negative electrode, Nafion 212 (50 um, Dupont,
USA) was used as the membrane, and one piece of the HAGF was
used as the positive electrode. For the e-fuel cell, one piece of the
Bi-modified HAGF was used as the negative electrode, Nafion 211
(25 um, Dupont, USA) was used as the membrane, and one piece
of the HAGF was used as the positive electrode. The active areas
of all electrodes were 2.0 cm x 2.0 cm. During the experiments,
the e-fuel was charged in the e-fuel charger, totally transferred
to the tanks, discharged in the e-fuel cell, and finally totally trans-
ferred back to the tanks to finish a cycle. Here, V2*/V>* and VO?*/
VO3 redox couples were adopted as an example of e-fuels, and
40 mL solutions containing 1.07 mol L~! V3*+3.0 mol L' H,S0,
and 1.07 mol L~! VO?* + 3.0 mol L~! H,S0,4 were used as the nega-
tive and positive electrolytes, respectively. In the cycling tests, to
maintain a reasonable testing time, 20 mL solutions were used.
The electrolytes were circulated at a constant flow rate by a 2-
channel peristaltic pump (Longer pump, BT600-2]). The flow rates
of the e-fuel charger and the e-fuel cell were 50 and 80 mL min~’,
respectively. N, gas was bubbled to exhaust the air during all the
battery tests. The cell structure and test conditions of VRFBs are
the same as those of the e-fuel system.

2.3. Electrochemical measurements

All the electrochemical measurements were conducted on a CHI
660D electrochemical workstation (CH Instruments, Shanghai) in a
conventional three-electrode cell, and all the curves were iR cor-
rected. To evaluate the hydrogen evolution reaction of the elec-
trodes, linear sweep voltammetry (LSV) measurements were
conducted with the potential scanning from —0.2 to —0.9V vs.
Ag/AgCl at the scan rate of 5mV s ™' in N,-saturated 0.5 mol L™
H,SO,4 solution. The prepared graphite felts, graphite rod, and Ag/
AgCl (saturated KCl) were adopted as the working, contour, and
reference electrodes, respectively. The potentials were converted
to that for a reversible hydrogen electrode (RHE) using the formula
of E (vs. RHE)=E (vs. Ag/AgCl)+0.197 +0.059 pH. Pb was elec-
trodeposited on the HAGF before the LSV tests by adopting the
HAGF, platinum mesh, and saturated calomel electrode (SCE) as
the working, contour, and reference electrodes, respectively, with
a constant current density of 1 mA cm~2 for 30 min in 0.1 mol L™!
Pb(S03CH3), solution. To evaluate the promotion to V2* oxidation
reaction, the LSV measurements were conducted with the potential
scanning from -0.8 to 0.1 V vs. SCE at the scan rate of 5mV s~ ! in
a 0.1molL™' V*+3molL™! H,SO, solution. The catalyst-
deposited glassy carbon (GC), platinum mesh, and SCE were
adopted as the working, contour, and reference electrodes, respec-
tively. The Pb and Bi were electrodeposited on the GC before the
LSV tests by adopting GC as the working electrode with a constant
current density of 1 mA cm~2 for 480 s in 0.1 mol L~! Pb(SO5CH3),
and 0.1 mol L™! BiCl; + 3 mol L~! HCl solution, respectively. The
VRFB and e-fuel system were all tested on an Arbin BT2000 (Arbin
Instrument, Inc.) with a charge cutoff voltage of 1.7V and a dis-
charge cutoff voltage of 1.0 V. To obtain the polarization curves,

the e-fuel cell was first charged to 100% SOC, and then polarized
at a voltage reduction rate of 50 mV s~!. All the tests were con-
ducted at room temperature (25 °C), unless noted otherwise.

2.4. Computational details

Density functional theory (DFT) based first-principles calcula-
tions were performed with the ABINIT [17,18] code. The
exchange-correlation function was dealt with by the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)
type [19], and the core electrons were modeled by the projector
augmented wave (PAW) method [20]. The energy cutoff was set
to 22 Ha for wave-basis expansion, and a vacuum layer of 20 A
was added in the slab models. The slab models for the pristine car-
bon surface, oxygen functional group, and carbon vacancy were all
built on the basis of a monolayer graphite (000 1) surface in a
4 x 4 x 1 supercell, the feasibility of which had been proven in
previous works [21,22]. The slab model of Pb was built based on
the close-packed Pb (1 1 1) surface containing three atomic layers
with the bottom one fixed. The spacing between k-point grids was
all less than 0.05A~'. The force convergence criteria for self-
consistent-field cycles and structural relaxation were 4.0 x 107>
and 6 x 10~* Ha Bohr !, respectively.

The hydrogen adsorption energy was calculated by

AEH = E(H—electrode) - E(Electrode) - 1/2E(H2)7 (1)

where Ey_electrode) 1S the total energy for the electrode with a hydro-
gen atom adsorbed on the surface, Egiecrode) 1S the total energy for
the electrode without hydrogen atom adsorbed on the surface,
and Ey,) is the energy of the gas phase hydrogen molecule. The
Gibbs free energy for hydrogen adsorption was obtained from

AGy = AEy + AEzpe — TASy, 2)

where AEzpe and ASy are the zero-point energy difference and
entropy between the adsorbed state and the gas phase state, respec-
tively. The overall correction can be approximated to be
AGy = AEy +0.24eV [23].

2.5. Calculations of open circuit voltage (OCV)

The OCV is calculated by the Nernst equation incorporating the
proton concentration and Donnan potential [24]:

3
CVO; . CVZ+ N <C;»>

E=Ey+ Eln —
F CVO2+ . CV3+ N CH+

3)

where E is the OCV, Ej is the standard potential for VRFBs, R is the
universal gas constant, T is the temperature, and F is Faraday’s con-
stant. The symbols ¢,z , ¢z« , Cygz+ and cyo + Trepresent the con-

centrations of V**, V**, VO**, and VO3, respectively. ¢, and ¢, .
are the proton concentrations in the positive and negative elec-
trolytes, respectively. All the initial SOCs were obtained from the

experimental OCVs before charge or discharge.
2.6. Cost analysis

The capital cost of the e-fuel system can be divided into the cost
of energy, cost of power, and cost of balance of plant. The energy
part can be scaled with electrolyte mass, relating to the energy
storage capacity of the system. The power part consists of the cost
of the e-fuel charger and the cost of the e-fuel cell, determined by
the area of the reactors. The capital cost corresponding to the
transportation of electrolytes is considered by allocating 1000-m
pipes for each user and additional pumps. The surface area of each
e-fuel cell (Acn) is calculated by
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A 1= Prated—cell + Ploss—cell (4)
cell — = >

ldischargeUdischarge
where Praeq_cen 1S the rate discharge power, Pjoss_cenn is the power
losses of the e-fuel cell, igischarge iS the discharge current density,

and f]discharge is the average discharge voltage. The surface area of
the e-fuel charger (Acharger) is calculated by

A o ntdischargeprated—cell + 24P1055—charger 5
charger — = ; ( )

24lchargerUcharge

where n is the number of users, tgischarge i the discharge time, Pjoss-
charger 1S the power losses of the e-fuel charger, icharger is the charge

current density, and Ucparge is the average charge voltage. The charge
time for the e-fuel charger is fixed to be 24 h because the e-fuel
charger is able to be continuously operated during the whole day
and the e-fuel cell can be operated whenever on demand. The vol-
ume of electrolyte (V) is calculated by

V= 2ntdischal’geprated—cell (6)
- = 5
nUdischargeCaF

where # is the electrolyte utilization, c, is the concentration of
active species, and F is the Faraday’s constant. The power-related
cost (Cp) is calculated by

CP = Acharger Z Cl’—chargerj + CP—chargerM + nAcell Z CP—cellj
i J

+ NCp_cellm (7)

where Cp_charger, iS the cost of the power-related components of the
e-fuel charger, Cp_chargerm 1S the manufacturing cost of the e-fuel
charger, Cp_cenj is the cost of the power-related components of the
e-fuel cell, and Cp_cej v is the manufacturing cost of the e-fuel cell.
The energy-related cost (Cg) is calculated by

CE _ Z Ca‘iVMa.iQa,i
i

ma.isa,i
where M,; is the molar mass of active materials, Q,; is the cost of
active materials, m,; is the transferred electrons in the reaction,
Sa,i is the stoichiometric number of active materials, M is the molar
mass of supporting species, Qs; is the cost of supporting species, C,
M is the manufacturing cost of the energy part, and Q; is the cost of a
tank per volume. The capital cost (C) is, therefore, calculated by

_ Cp+Ce+ Cop
ntdischargePrated—cell '

+ Z CsjVM;s;Qsj 4 Cem + 2Q,V, (8)
j

9)

where Cgop is the cost of balance of plant. The component cost data
can be found in the Table S1 (online).

3. Results and discussion

The e-fuel charger, as a power station that continuously con-
verts intermittent electricity into liquid fuels, should be efficient.
Therefore, it should be able to minimize the charge overpotential,
suppress the side reactions, and reduce the vanadium crossover.
Based on these targets, an e-fuel charger has been designed, as
shown schematically in Fig. 2a. In the e-fuel charger, the electrode
has a high content of oxygen functional groups and high specific
surface area (Fig. S1 online) to promote the V3" reduction reaction.
And the hydrogen evolution inhibitor is deposited on the negative
electrode to suppress the severe hydrogen evolution reaction
caused by the highly active electrode. In addition, to enable charg-
ing with low current densities and reduce the crossover of vana-
dium ions, a membrane with low vanadium permeability is
adopted. Fig. 2b exhibits the voltage curves for the e-fuel charger

at charge current densities ranging from 20 to 120 mAcm 2.

Results show that the e-fuel charger has a low charge overpotential
and the electroactive species can be nearly fully charged, demon-
strating the high utilization of electroactive species in the e-fuel
charger.

An energy loss analysis was conducted to evaluate the charge
efficiency of the e-fuel charger. The charge efficiency is the ratio
between the amount of energy in the charged e-fuels and the elec-
tric energy consumed in charging the e-fuels, which can also be
defined as the ratio between the theoretical energy needed and
the real energy consumed to charge a certain amount of e-fuels.
Fig. 2c shows the energy loss analysis results at a charge current
density of 60 mA cm~2. Here, the blue line is the OCV at different
state of charge (SOC), and the red line is the real charge voltage
in charging the e-fuels. Therefore, the area (gray region) between
them stands for the energy loss during charge. At the current den-
sity of 60 mA cm~2, the theoretical energy needed to charge the e-
fuels is calculated to be 19.2 Wh L™ !, and the real energy consumed
is found to be 20.4 Wh L™, representing a charge efficiency of as
high as 94.4%. The energy loss analysis at the charge current den-
sities of 20, 40, 80, 100 and 120 mA cm 2 are shown in Figs. S2-
S6 (online), and the corresponding charge efficiencies are summa-
rized in Fig. 2d. It is encouraging to find that the e-fuel charger is
able to maintain charge efficiencies of 95.9% to 92.1% at charge cur-
rent densities from 20 to 120 mA cm 2. These data demonstrate
the high conversion rate of electric energy into e-fuels in the e-
fuel charger, which are much higher than that of the state-of-art
water electrolysis for hydrogen production (60% [25,26]), as shown
in Fig. 2e.

The e-fuel cell, as a stand-alone power pack that generates elec-
tricity by using charged e-fuels, should be capable of delivering a
high power density. Therefore, it should be operated at a high cur-
rent density, and the voltage losses, including activation, ohmic,
and concentration losses, should be minimized. A schematic of
the e-fuel cell design is exhibited in Fig. 3a. The e-fuel cell can
adopt highly active electrodes with high contents of oxygen func-
tional groups and high specific surface area to promote the vana-
dium redox reactions, considering that the hydrogen evolution
reaction in the discharge is not as severe as that in the charge
[27]. Meanwhile, the V?* oxidation promoter is deposited on the
negative electrode to further enhance the reaction kinetics of the
V2*/V3* redox couple (Fig. S7 online) because it is the limiting step
to achieve the high power density [28]. To reduce the ohmic loss
and enable the operation at high current densities, a highly proton
conductive membrane with high ionic conductivity is used. As a
result, the e-fuel cell is able to exhibit a high discharge efficiency
and unprecedented peak power density. Fig. 3b shows the dis-
charge voltage curves in the e-fuel cell at various current densities,
and the corresponding charge current densities in the e-fuel char-
ger are graphed in Fig. S8 (online). Here, the charge current density
in the e-fuel charger is fixed at 60 mA cm~2 and the discharge cur-
rent density in the e-fuel cell ranges from 400 to 1,200 mA cm 2. It
is seen that the e-fuel cell maintains high onset voltages, which
range from 1.47V at 400 mAcm 2 to 1.25V at 1,200 mA cm 2,
and high specific capacities, which range from 13.7 AhL™! at
400mA cm 2 to 11.2 AhL~! at 1,200 mA cm 2.

An energy loss analysis was also conducted to evaluate the dis-
charge efficiency of the e-fuel cell, which is defined as the ratio
between the real energy output and the theoretical energy in the
charged e-fuels. The results are shown in Figs. S9-S13 (online).
Similar to the energy loss in the charge process, the area between
the OCV and real discharge voltage stands for the energy loss dur-
ing discharge. As shown in Fig. 3¢, discharge efficiency ranges from
97.0% at 400 mA cm 2 to 83.1% at 1,200 mA cm ™2 Fig. 3d exhibits
the polarization curves and the corresponding power densities of
the e-fuel cell. As shown in Fig. 3e, the e-fuel cell is capable of
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Fig. 2. Design and performance of the e-fuel charger. (a) Schematic of the e-fuel charger design. (b) Charge voltage curves of the e-fuel charger at varying charge current
densities. (c) Energy loss analysis of the e-fuel charger at the charge current density of 60 mA cm~2. (d) Charge efficiencies at varying charge current densities. (e) Comparison

of efficiency of the e-fuel charger and water electrolysis.

delivering a high peak power density of 3.4 W cm~2 with a limiting
current density of ~9,000 mA cm 2, which is several times higher
than that of the proton exchange membrane (PEM) fuel cell
(1.27 Wcem™2 [29]), direct ethanol fuel cell (0.24 W cm~2 [30]),
direct methanol fuel cell (0.13 W cm 2 [31]), and zinc-air fuel cell
(0.27 W cm~2 [32]). These results demonstrate that the e-fuel cell
holds the potential for not only grid-scale energy storage, but also
next-generation vehicles, especially when adopting e-fuels with
high energy density.

To offer a more comprehensive understanding of the whole e-
fuel system, we calculated the round-trip efficiency and electrolyte
utilization and compared the results with those of a VRFB at the
same operating condition. Schematics of the VRFB and e-fuel sys-
tem are shown in Fig. 4a and b, respectively, while digital photos

of a VRFB and e-fuel system are shown in Figs. S14 and S15
(online). As shown in Fig. 4a for the VRFB, for the V*/V3* redox
couple, the oxidation of V?* and the reduction of V3* take place
on the same electrode surface, but for the e-fuel system shown
in Fig. 4b, the oxidation and reduction reactions occur separately
on different electrode surfaces, with one in the e-fuel charger
and the other in the e-fuel cell. Comparisons of round-trip effi-
ciency and electrolyte utilization for the VRFB and e-fuel system
are presented in Figs. 4c and d. Again, the charge current density
for both systems is 60 mA cm~2, and the discharge current densi-
ties range from 400 to 1,200 mA cm 2. The charge-discharge volt-
age curves of the VRFB are shown in Fig. S16 (online) and those
of e-fuel system are exhibited in Figs. 3b and S8 (online). These
results show that the e-fuel system outdistances the VRFB, and
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achieves unprecedented round-trip efficiencies and electrolyte uti-
lizations. At the discharge current densities of 400, 600 and 800 mA
cm 2, the round-trip efficiencies for the e-fuel system are 88.4%,
85.5%, and 82.7%, which are 11.2%, 13.5%, and 16.3% higher than
those of the VRFB, respectively. Even at the ultra-high discharge
current densities of 1,000 and 1,200 mA cm~2, the e-fuel system
can still exhibit round-trip efficiencies of 80.0% and 77.2%, repre-
senting the most efficient energy storage system in the open liter-
ature. More remarkably, the e-fuel system can maintain high
electrolyte utilizations during operation, which can greatly reduce
the use of precious active materials and decrease the capital cost of
the system. At the discharge current densities of 400, 600, 800 and
1,000 mA cm 2, the e-fuel system exhibits high electrolyte utiliza-
tions of 95.7%, 91.8%, 87.9%, and 83.0%, which are 32.7%, 41.8%,

54.4% and 67.3% higher than those of the VRFB, at current densities
of 400, 600, 800 and 1,000 mA cm 2, respectively. These results
further demonstrate the superiority of the e-fuel system to the
state-of-art electrical energy storage systems.

In addition to the consideration of performance, the widespread
application of the e-fuel system will also be decided by economic
factors. Thus, a cost analysis was conducted for a micro-grid com-
munity in which each user has a 5 kW power supply for several
hours per day. The objective was to evaluate and compare the cap-
ital cost of the e-fuel system and VRFB. The cost model and compo-
nent prices adopted here are based on previous research [33-35],
and adjustments are made for the e-fuel system to incorporate
the decoupled charge and discharge processes. The performance
of VRFB was obtained from the typical galvanostatic charge-
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discharge tests, and the charge-discharge voltage curves as well as
the corresponding efficiencies are shown in Fig. S17 (online). For
the e-fuel system, because the charge and discharge processes
are decoupled and can be operated simultaneously, the e-fuel char-
ger is able to be operated uninterruptedly for the whole day, while
the e-fuel cell can generate electricity whenever needed. Fig. 5a
shows the capital costs as a function of the number of users for
the VRFB and e-fuel system at 5 kW/10 kWh per user. Results show
that although the e-fuel system requires more modules than a
VRFB system, its capital cost is lower than the VRFB due to the
higher power density, higher electrolyte utilization and higher
design flexibility. The data indicate that the capital cost of the VRFB
does not change as the number of users increases. This is attributed
to the charge and discharge processes taking place in the same
stack located at the user side. For the e-fuel system, the capital cost
decreases as the number of users increases (from 332.7 $ kWh™!
for 1 user to 311.9 $ kWh~! for 20 users), because the capital cost
added by an additional e-fuel charger is gradually offset by the
increased number of high-performance e-fuel cells. If the number
of users is 10, the capital cost of the e-fuel system is calculated
to be 313.0 $ kWh™!, which is 27.0% lower than that of the VRFB
(428.9 $ kWh™1). The cost breakdown of both systems for 10 users
is shown in Fig. 5b. The data show that in the e-fuel system, the
cost of stacks is only responsible for a very low fraction of the cap-
ital cost, ascribed to the fact that the e-fuel cell is able to be oper-
ated at high power densities with small stack size. Figs. 5c and d
present the capital costs as a function of the number of users, at
5 kW/20 kWh per user, and the corresponding cost breakdown
for 10 users. Results show that as the energy-to-power ratio

increases, the capital cost decreases for both the VRFB and e-fuel
system. For 20 users, the capital cost of the e-fuel system is
253.7 $ kWh™!, which is 14.3% lower than the 295.9 $ kWh! for
the VRFB. The results at higher energy-to-power ratios of 6 and 8
are shown in Fig. S18 (online), which further demonstrates that
the e-fuel system is more cost-effective than the VRFB. In addition,
results also show that the cost of electroactive species accounts for
a large fraction of the capital cost of the e-fuel system, because the
costly vanadium redox couples are used as an example e-fuel here.
Considering that cheaper rechargeable species can be used as e-
fuels, and the operation time of the e-fuel charger can be much
longer than the e-fuel cell in actual operation, the future e-fuel sys-
tem still has room for further cost reduction.

The source of the e-fuel system outdistancing the VRFB in
round-trip efficiency, electrolyte utilization, and capital cost can
be ascribed to the independent design, optimization, and operation
of the e-fuel charger and e-fuel cell. In the VRFB, although the elec-
trodes with high content of oxygen functional groups and high
specific surface area can benefit the vanadium redox reactions,
these factors inevitably accelerate the undesirable hydrogen evolu-
tion reactions, especially in charge [27,36]. To avoid the fast capac-
ity decay and enable long-term stable operation, the traditional
electrodes of the VRFB are generally activated by moderate thermal
treatment [37] or acid treatment [38], which can enhance the
hydrophily, content of oxygen functional groups along with the
specific surface area, while avoiding the severe hydrogen evolu-
tion. However, this method also hinders the further reduction in
charge overpotential, limiting the enhancement in round-trip effi-
ciency and electrolyte utilization.
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Use of a hydrogen evolution inhibitor on the carbon surface can
decouple the link between carbon surface properties and hydrogen
evolution reaction, and thus enable the use of highly active
electrodes with high content of oxygen functional group and high
specific surface area to promote vanadium redox reactions.
Figs. 6(a1-a4) show the most stable structures for hydrogen atom
adsorbed on a pristine carbon surface, oxygen functional group,
carbon vacancy, and Pb (1 1 1) surface, and Fig. 6b exhibits the cal-
culated Gibbs free energies in a three-state diagram. The atomic
structures of substrates can be found in Figs. S19 and S20 (online).
For substrates with high hydrogen evolution activity, the Gibbs
free energy for dissociative adsorption of H, (AGy) is close to zero
[39]. The AGy of the pristine carbon surface is as large as 1.59 eV,
indicating that the pristine carbon surface is inert to the hydrogen
evolution reaction. However, when an oxygen functional group
and carbon vacancy exist, the AGy decreases to —0.17 and
—0.04 eV, respectively, which would greatly enhance the hydrogen
evolution reaction, consistent with previous experimental results
[27,40]. Interestingly, on the Pb surface, the AGy increases to
0.92 eV, suggesting that Pb can be an efficient hydrogen evolution
inhibitor that limits the hydrogen evolution reaction. Based on this
finding, linear sweep voltammetry tests were conducted to
demonstrate the effect of Pb on the highly active electrode.
Figs. 6¢c and 6d present the iR-corrected LSV curves and Tafel plots
for a traditional VRFB electrode, highly active electrode, and Pb-
modified highly active electrode. The traditional VRFB electrode
(Fig. S21 online) shows a low current density and a high Tafel slope
of 573 mV dec™!, indicating that it is inert to the hydrogen evolu-
tion reaction during operation. However, for a highly active elec-
trode, due to the existence of abundant oxygen functional groups
and carbon vacancies (Fig. S1 online), the hydrogen evolution is
greatly promoted, as evidenced by a much higher current density

and lower Tafel slope of 340 mV dec™'. After depositing Pb on

the highly active electrode, the current density in the LSV curve
is obviously reduced and the Tafel slope is increased to
443 mV dec™!, further demonstrating that Pb can effectively sup-
press the hydrogen evolution reaction for a highly active electrode.
Although a hydrogen evolution inhibitor enables the use of a
highly active electrode in the charge, its application in the VRFB
is hindered as Pb undergoes irreversible dissolution before V?* oxi-
dation in the discharge, as shown in Fig. S22 (online). On the con-
trary, the dissolution of the hydrogen evolution inhibitor is not an
issue in the e-fuel system, because the discharge does not happen
at the same electrode as the charge. This enables the adoption of a
highly active electrode to lower the overpotential and avoid severe
side reactions.

In addition to the separated electrode design, another method
to lower the charge overpotential and allow more electroactive
species to be charged below the cutoff voltage is to reduce the
charge current density. However, in the VRFB, charging the elec-
troactive active species at a low current density would increase
the crossover, lower the coulombic efficiency, and accelerate the
capacity decay rate, due to the prolonged charge time. Figs. 7a
and b show the cycling performance at charge and discharge cur-
rent densities of 60 and 600 mA cm~2 for a VRFB with a highly pro-
ton conductive membrane (e.g., thin membrane), which can ensure
a high power density in the discharge. However, the results show
that the battery exhibits a low coulombic efficiency of ~95% and
fast capacity decay rate of 0.9% per cycle, indicating this kind of
design and operating condition is not suitable for long-term VRFB
operation. One method to alleviate the crossover issue in the
charge is to use a membrane with low vanadium permeability
(e.g., thick membrane), but that would reduce the proton conduc-
tivity across the membrane and increase the ohmic loss of the bat-
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tery, leading to a low power density in the discharge process. The
e-fuel system avoids these problems. The e-fuel charger is operated
at low current density with a low vanadium permeability mem-
brane, which can reduce the charge overpotential and avoid the
enhanced crossover of active species, while the e-fuel cell is dis-
charged at high current density with a high proton conductive
membrane, ensuring the high power density of the power stack.
With this novel design, the e-fuel system can be operated for more
than 100 cycles with a high coulombic efficiency of ~98% and a
capacity decay rate of only 0.1% per cycle, as shown in Figs. 7a
and b, demonstrating the system’s high stability for long-term
operation.

4. Conclusion

We propose a novel e-fuel energy storage system that incorpo-
rates electrically rechargeable liquid fuels as the storage medium.
This e-fuel system is efficient, scalable, durable, cost-effective,
and site-independent, and it can be continuously operated. We
then demonstrate an example e-fuel system with VZ*/V3* and
VO?*/VO3 redox couples. The e-fuel charger achieved a charge effi-
ciency of ~94%, which is 56% higher than that for hydrogen pro-
duction by water electrolysis, and the e-fuel cell delivered a peak
power density of 3.4 W cm~2, which is 2.7 times of that of hydro-
gen fuel cells. In addition, the e-fuel system achieved a round-
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trip efficiency of 80.0% and an electrolyte utilization of 83.0% at an
ultra-high discharge current density of 1,000 mA cm~2, making it
to be the most efficient energy storage system in the open litera-
ture. This unprecedented performance allows a 27.0% reduction
in the capital cost of the e-fuel system compared to the traditional
VRFBs in large-scale energy storage. It is also important to note
that the e-fuels composed of V2*/V3* and VO?*/VO3 redox couples
are examples demonstrated in the present work. The proposed
concept of the e-fuel energy storage, which enables decoupling of
charge and discharge, will allow exploration of a number of
e-fuels, which are energy dense, efficient, stable, flowable, and cost
effective. The electroactive materials for e-fuels can range from
inorganic, organic, and suspensions of solid particles (nanofluid
e-fuels). The super performance demonstrated in the present work
suggests that the e-fuel energy storage system has the potential
to revolutionize energy storage technology and substantially
facilitates the adoption and deployment of renewable energy.
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