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The open circuit voltage of a conventional H,-O, fuel cell is limited to ~1.23 V under atmospheric
pressure, which limits the efficiency of the system. Here, we reported a dual-electrolyte microfluidic fuel
cell system (DEFC), which could stably deliver an open circuit voltage up to 1.76 V at room temperature
under atmospheric pressure, and a peak power density of 145 mW/cm?, improved by 3 times compared
with that in single electrolyte mode. When operated in the reverse mode, the microfluidic cell can be
used for water electrolysis, demonstrating a water split voltage of ~0.74V and a round trip voltage
efficiency of 83.5% at a current density of 100 mA/cm?. The neutralization energy of the two electrolytes,
which could be wasted as heat, can be directly utilized to produce electricity or split water with high
efficiency. Given the DEFC's features of high open-circuit voltage, low water splitting voltage, and room-
temperature operation condition, the reported DEFCs technology presents a superior route for high-
efficiency energy conversion and storage system that could revolutionize the fields of large-scale energy

Neutralization energy

storage and portable power systems.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

With the aggravating greenhouse effect due to the increased
carbon emissions and the limited fossil energy available for the next
century, searching renewable and clean energy technologies is
mandatory for the sustainable development of human civilization
[1-7]. Fuel cells (FCs) are being widely investigated and attracting
increasing scientific attentions owning to their high efficiency and
energy density, silent operation, great sustainability, environment-
friendly, continuous power supply and trouble-free recycling [8-14].
However, due to the thermodynamic limitation, the highest possible
open circuit voltage (OCV) of a traditional FC is 1.23 V, and stacking
of such FCs to boost the output to a practical level usually results in a
large physical size and high cost. In addition, the high operation
temperature has largely hindered the application of traditional FCs
as a mobile power source for microelectrochemical systems [15-18].
Therefore, fabricating micro fuel cells is not just a matter of down-
sizing the cell dimensions and improving the power generation
capabilities, but also addressing these aforementioned issues, and
developing new materials and novel conceptual designs for micro-
scale fuel cells at low temperature and pressure.

* Corresponding author at: School of Materials Science and Engineering, Georgia
Institute of Technology, Atlanta, GA 30332, USA.
E-mail address: hzou8@gatech.edu (H. Zou).

http://dx.doi.org/10.1016/j.nanoen.2016.07.036
2211-2855/© 2016 Elsevier Ltd. All rights reserved.

Microfluidic fuel cells, whose electrolyte, reactions sites and
electrodes are all confined to micro channels, have been proposed
to address many of the challenges that face traditional membrane-
based systems [19-25]. This type of fuel cells operate at room
temperature without a physical barrier, such as a membrane,
therefore decrease the cost, relax hydration requirements and
open up the possibility for a much wider range of chemistries to be
studied, like vanadium redox flow batteries [18,22], methanol [21],
formic acid [20], hydrogen fuel cells, and hydrogen bromine [26].
Among these systems, hydrogen fuels cells are expected to be the
best choice in terms of availability. Using air-breathing cathodes
seems to be another promising microfluidic fuel cell design for
some practical operations [21]. The development of microfluidic
fuel cells has been tremendous, resulted in operational devices
with promising performance at room temperature in terms of
power density and cell voltage, but their low energy density is the
most prominent constraint for current microfluidic fuel cells.

Here, in this study, we reported a dual electrolyte based FC
(DEFC) with air-breathing and its novel application as a re-
generative fuel cell. We presented a simple conceptual model-
membraneless microfluidic device to test the DEFC performance.
In our designed cell topology, the co-laminar configuration al-
lowed the anolyte and catholyte streams to flow separately in
parallel between gas diffusion electrodes. By introducing a pH
gradient between electrodes in fuel cell mode (FC mode), a high
open circuit voltage of up to 1.76 V and a power density of
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145 mW/cm? were generated at room temperature under atmo-
spheric pressure, which were respectively about 1.46-1.75 times
and 3 times higher than those of the single electrolyte based FCs
under the same conditions. Furthermore, the advantage of shifting
oxidation and reduction potential was taken in the water elec-
trolysis mode (WE mode) to reduce the water splitting voltage, so
that more sources of waste electricity at a low voltage were able to
be utilized. The presented DEFC achieved a water splitting voltage
~0.74 V, only about half of that in single electrolyte system, cor-
responding to a round trip voltage efficiency of as high as 83.5% at
a current density of 100 mA/cm?, which was well over that of
other types of regenerative fuel cells (RFCs) [27-30]. Given a col-
lection of compelling features of DEFCs, such as low-cost, room-
temperature operation, high open-circuit voltage, low water
splitting voltage, no waste and without oxygen supply system,
high specific density, longer-term energy storage, no limit capacity
(without frequent charging), and insensitivity to cycle life, tem-
perature or self-discharge [31-39], the DEFCs technology not only
presents a superior route for high-efficiency water splitting, but
also renders a green and environmentally friendly power source
for portable electronics. It will have extensive applications with
promising future in power generation and storage systems.

2. Experimental Section
2.1. Cell fabrication

The gas diffusion electrodes (Hispec 6000), made with catalyst
PtRu Black (Johson Mattey, molar ratio of Pt/Ru=1:1, 10 mg/cm?,
XRD crystallite size <4 nm) on carbon paper, were purchased
from Hesen Co., Ltd., Shanghai, China. Details of channel dimen-
sions and assemble information are shown in the supplementary
material (Fig. S2). Briefly, the electrodes were placed in the en-
graved frame PMMA plates with open windows (1.5 mm
x 3.3 mm) on opposing sides of two channels (Fig. S2). The
components of the DEFC devices were manufactured by a carbon
dioxide laser ablation system (VLS 2.30, Universal Laser System),
and assembled manually. A chamber with dimensions of 53 mm
(L) x 10 mm(W) x 5 mm(H) was shaped by using the PMMA plate
as a gas reservoir to store hydrogen. The thickness of channels was
about 1 mm. The laminar flow sector was fabricated by taping all
the PMMA plates together with double-sided adhesive tape. This
sector was then clamped by a binder clip with two electrodes and
two pieces of carbon cloth acted as current collector at each side
(Fig. S2). To test the gas leakage for safety, the fabricated cell was
immersed into the water, and then the air was pressed through the
gas channels to check the gas bubbles in the water (Fig. S4).
Through tests, such fabricated cells were proved to be well airtight
without liquid leakage. Laminar flows were also verified by ex-
periments described in the supplementary material (Fig. S3).

2.2. Electrochemical performance tests

The electrolyte solutions of 0.5 M H,SO4 and 1M KOH were
prepared in DI water of 18.2 MQ2-cm. An electrochemical station
(CHI 660E, CH Instruments, Inc.) was used to control the current
and voltage applied to the cells, and collect data. The flow speed of
electrolytes was controlled by a syringe pump (LSP02-1B, Longer
Pump) at 600 pL min~". All experiments were performed at room
temperature under atmospheric pressure. The performance of
single electrolyte systems was tested to be compared with that of
the DEFC. For the single electrolyte system, the same electrolyte
was pumped into the two channels; for the DEFCs, the alkali
electrolyte flowed at the side of the hydrogen electrode, and the
acid electrolyte flowed at the side of oxygen/air electrode. In FC

mode, Hy (>99.995%, Linde) was fed at a constant rate of 0.06 slpm
(standard liter per minutes). In WE mode, for the DEFC, 0.5 M
H,SO, was pumped into the anode side channel to produce H,,
and 1 M KOH was pumped into the cathode side channel to gen-
erate O,. Each data point was collected by integration after 60 s of
steady-state operation to eliminate transient artifacts. Potentials of
each individual electrode were recorded with digital multi-meters
(Fluke) connected between each electrode and an external Ag/AgCl
reference electrode in the electrolyte stream.

3. Results and discussion
3.1. System design and working principles

From thermodynamics, according to the Nernst equation, the
two half-cell reactions taking place at two separate electrode sides
and potentials with pH dependence can be expressed as follows:

2H*+2e~<H, €}

. RT (ay+)?
EH+/H2=EH+,H2+ﬁ ln[:Hz]:O — 0. 059V (pH)
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where E is the half-cell potential at the temperature of interest, E°
is the standard half-cell potential, R is the universal gas constant, T is
the absolute temperature at which the cell is operated, F is the
Faraday constant, n is the number of moles of electrons transferred
in the half-reaction, a is the chemical activity for the relevant spe-
cies, and V (pH) is the pH value of the electrolyte in the half-cell.

The relationship between potentials of each electrode and pH
of electrolyte can be illustrated in Fig. 1a. The potential difference
of the electrodes remains a constant of 1.23 V (black solid circles),
independent of the pH value of the electrolyte. Theoretically, this
is the maximum OCV and the minimum water splitting voltage for
a traditional H,/O, fuel cell under atmospheric pressure. In order
to improve the voltage output, a dual electrolyte based micro-
fluidic FC was developed here. As illustrated in Fig. 1a, by placing
the anode and cathode in two electrolytes with favorable pH en-
vironments, i.e., the oxygen electrode in acid (pH=0) and hydro-
gen electrode in alkaline (pH=14), the theoretical OCV of the
aqueous electrochemical power source can reach up to 2.06 V
(green arrows and solid circles); in the meanwhile, if the oxygen
electrode is in alkaline (pH=14) and hydrogen electrode in acid
(pH=0), the energy for water splitting can be minimized down to
0.4V (blue arrows and solid circles).

To explore different combinations of the anodes and cathodes,
the half-cell electrode reactions in FC mode and WE mode con-
figuration are shown in Table 1. From the overall equations, we can
find that in dual electrolyte system, neutralization reactions hap-
pen in both fuel cell and water electrolysis reactions. The higher
voltage and additional energy can be interpreted as voltage energy
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Fig. 1. Working principles of the DEFC. (a) Pourbaix diagram of H,/O, at 25 °C and atmospheric pressure. Schematic view of single cell and diagram of the liquid junction
potential setup at the fuel/oxidant interface: in FC mode (b) and in WE mode (c). Originally, the electrolytes in WE mode flow vertically from bottom to top to avoid the
turbulence caused by bubble. For better comparison view, (c) is rotated right 90°. Arrows show the direction of net transfer for each ion, and their lengths indicate relative

mobilities. The channels thickness is about 1 mm.

Table 1

Standard electrode potentials versus SHE of half-cell reactions and overall reactions in FC and WE mode for single and dual electrolyte. The acid

employed is 0.5 M H,SO4 and the alkali is 1 M KOH.

Single Electrolyte Dual Electrolyte
S| Anode:  2H,-4¢ —4H" E=0V
Al Cathode: 0, +4e + 4H'—2H,0 E=1229V |Cathode: O,+4c +4H —2H,0 E=1229V
FC Mode .|Anode:  2H,-4¢ +40H— 4H,0 E=-0.827V |Anode: 2H,-4e +40H— 4H,0 E=-0.827V
Alkali Cathode: O, +4e +2H,0— 40H E=04V
Overall Reaction: 2H, + 0, — 2H,0 E=123V 2H,+0,+40H +4H — 6H,0  E=2.06V
Anode: 4H +4¢" — 2H, E=0V Anode:  4H'+4¢—2H, E=0V
Cathode: 2H,0 — O,+4¢ +4H" E=1229V
WE Mode .|Anode:  4H,0 +4e —40H +2H, E=-0.827V
Alkali Cathode: 40H — O,+4¢ +2H,0 E=04V  |Cathode: 40H—O,+4¢+2H,0 E=04V
Overall Reaction: 2H,0 — 2H, + 0, E=123V 4H'+ 40H — 0,+2H,+2H,0  E=04V

from  electrochemical neutralization. To  verify  this
hypothesis, the cell voltage generated is calculated if the neu-
tralization of acid and alkali solutions can be carried out electro-
chemically. The reaction in which hydroxide ions and protons
combining to form water is

H*+OH-<H,0 5)

and has a Gibbs free energy change of AG°= — 79.9 k] mol- [40],
corresponding to a voltage of 0.83 V under standard conditions [35]
according to the Nernst equation. In FC mode, the potential 0.83 V
provided from the neutralization reaction is applied to the electrodes
and increases the potential between electrodes, thus improved the
OCV; in WE mode, similarly, accompanied with producing hydrogen
and oxygen, the additional potential generated from the neu-
tralization reaction is also applied to the electrodes, so the external
potential needed to be applied to the electrodes to split water can be
reduced. Namely, the neutralization reaction energy could be uti-
lized to produce electricity and break down water.

There was a liquid junction potential (LJP) associated with the
dual electrolyte streams which was established due to the steep
concentration gradients in ions and their largely different mobilities
at the junction [41,42]. Fig. 1b illustrates the formation of the typical
LJP between the alkaline anode stream and the acidic cathode
stream in the system described. The LJP was contributed mostly by

H* and OH~ ions as the mobility values of other ions (SO4>~,
HSO,~, K™ etc.) were too low and very close to each other. On the
basis of ion mobilities, the H™ ions have a larger mobility than OH~
ions, they initially penetrated the dilute phase at a higher rate, given
a net positive charge to the dilute anode and a net negative charge to
the concentrated cathode, with the result that a boundary potential
difference was developed. The junction potential reduced the OCV
(counter flow direction of electrons under the actions of liquid
junction potential e and cell current e;), as well as power gen-
eration in FC mode. Fig. 1c shows the typical liquid junctions in WE
mode, which indicates that the LJP in this case could be expected to
enhance the performance of the cell (same current flow direction of
eyp and e ). However, the [JP did not significantly contribute to the
DEFC performance. Firstly, the maximum value for the LJP between
1 N H,SO,4 and 1 N KOH alkali was estimated to be only 32 mV [43],
and its effects on the cell performance was negligible; secondly, as
the acid-alkali neutralization has 2-3 orders of magnitude higher
rate constant than the diffusion rate of H/OH™ ions, the H ions
diffused across the interface area and neutralized the OH™ ions
which were self-diffused at opposite direction or brought by the
flow, thus reducing the amount of charged mass transferred than
normal situations, so that the value of LJP could be lower.

The co-laminar configuration in microchannels allowed the
anolyte and catholyte streams to be selected independently
(Fig. 1b and c), and it confined the neutralization reactions in the
interface of the acid and alkali streams to small scale
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Fig. 2. Performance of the DEFCs in Fuel Cell Mode. (a) Load curves comparison
among the DEFC, fuel cell in single alkali system and single acid system. (b) The
corresponding U-I curves of individual electrode performances versus Ag/AgCl
(c) Power density curves comparison among the DEFC, fuel cell in single alkali
system and single acid system.

[19,22,36,43,44], because of their momentum (the contact time of
the two streams is too short to be mixed at large scales) and
density difference (hydroxide ions are heavier than H*, so hy-
drogen ions flow can float at the upper layers which limits the
diffusion of the two streams. When the alkali was located at the
top, the dual electrolytes were proved experimentally to be mixed
heavily at the interface between them). Microfluidic mixing pro-
cess has been simulated through finite element modelling, which

is shown in the supplementary material (Fig. S5 and the gif pic-
tures). The liquid-liquid interface was considered as a virtual
membrane and ions travelled across the channel to reach the other
side and completed the ionic conduction.

3.2. Fuel cell performance

As shown in Fig. 2a, the OCV was 1V in the acid single elec-
trolyte FC, 1.2 V in the alkali single electrolyte FC, but in the DEFC,
it was 1.755 V, which was about 146-175% times as large as that in
single electrolyte systems. The deviation from theoretical values in
OCVs was primarily related to the large overpotential associated
with the reduction of oxygen [44] and resistances in the fuel cell
itself as well as some common issues referred to as small amount
carbonation in alkali media (before or during the oxidation of the
fuel, deleted) [45]. Besides, air contains only 20.95% oxygen, so the
OCV was a bit lower than that when using pure oxygen. The
overpotential of oxygen reduction in acid was larger than that in
alkaline; this phenomenon has also been noticed and explained by
others as the greater deleterious effect of the reaction kinetics
than OH~ [46-48]. The maximum current density was
225 mA/cm? in the acid FC and 250 mA/cm? in alkali FC. For the
DEFC, however, the maximum current density reached
350 mA/cm?, which was an enhancement of 55% and 40% com-
pared to that of the acid and alkali FC, respectively.

The corresponding voltage-current (U-I) curves of individual
electrodes are shown in Fig. 2b. The curve of DEFC's cathode fol-
lowed the same trend as that of the cathode in an acid single
electrolyte system; anode followed the same trend as that of the
anode in a single alkali system as expected. This fact demonstrated
that the planar laminar flow sector successfully separated the dual
electrolyte flows and also revealed that the half-cell reactions
happened at each electrode (the same as Table 1). By combining
the two half-cell reactions of the cathode in acid and the anode in
alkali, we found that additional OCV of the DEFCs over single
electrolyte based cell is from the neutralization reaction. However,
the two half-cell reactions of the neutralization reaction took place
at two electrodes, which are separated by flowing electrolytes and
physically far from each other. Thus, the neutralization reaction
energy was counted as the additional energy created at electrode
sides, not from the interface between the two electrolytes. In most
situations, neutralization of an acid and an alkali is carried out in
the bulk and the energy released in the form of heat. These results
revealed that electrochemical neutralization can proceed if pro-
tons are consumed at the cathode and hydroxide ions reacted
separately at the anode, accompanied by electron transfer via an
external circuit. As shown in Fig. 2b, as the current density in-
creased from 250 to 300 mA/cm?, the cell potential of anode side
almost remained the same while the potential of the cathode side
dropped, which indicated that the anode suffered less polarization
losses compared with the cathode. Similar anode and cathode
losses have been reported by others [49,50]. Mass transport-lim-
ited performance at high current density was not observed, which
indicated that the proton concentration across the boundary layer
and the rate of proton replenishment of the depletion boundary
layer on the cathode was sufficient, and the air-breathing cathode
had enough oxygen to consume.

As demonstrated in Fig. 2¢c, the DEFC produced a peak power
density of 145 mW/cm? at about 0.8 V, which was about 3.6 times
higher than that under that in acid single electrolyte condition
which delivered a peak power density of 40 mW/cm? at 0.4 V;
about 2.9 times higher than that under alkaline single electrolyte
conditions, which was 50 mW/cm? at about 0.4 V. In summary, in
FC mode, the OCV, current density and power density of the DEFC
were all experimentally proved to be much higher than those of a
FC in single electrolyte under the same conditions. In this mode,
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the neutralization energy utilization efficiency was calculated in
the supplementary material, which was about 8.8%. With one
pump in microfluidic FC, stacking up a bunch of such DEFCs can
provide a larger power than stacking up the same amount of cells
in single electrolyte and reduce the required amount of catalyst,
thus leads to reduce the stack size and cost to power electronics.

3.3. Water electrolysis performance

For each of the three electrolyte systems (acid single electrolyte
system, alkali single electrolyte system, and dual electrolyte sys-
tem), its water splitting voltages were intersection points of the
linear part of U-I curves and U-axis (Fig. 3a), and this can be de-
termined by linear fitting its U-I curve and then calculating the U
value when the I value is set to zero. Thus, the water splitting
voltage was 1.495 V for the acid single electrolyte system, 1.415V
for the alkali single electrolyte system, and only 0.74 V for the duel
electrolyte system, which was a great improvement. Since a lower
water splitting voltage for water electrolysis system means less
external power is required to break down water molecules and
more power sources with much lower voltage can be utilized to
split water and stored in the form of hydrogen energy and more
power could be saved because of the low water splitting voltage.
The primary reasons for the deviation of water splitting voltages
from theoretical values were the same as those in FC mode dis-
cussed above. At a current density of 100 mA/cm?, the cell could
split water at a voltage of above 1.86 V in the alkali single elec-
trolyte system and 2.05V in acid single electrolyte system, while
only 1.35 V in the DEFC which was not high enough for water to be
split for the single electrolyte systems at any current densities.

As shown in Fig. 3b, the corresponding U-I curves of the
cathode and anode for the DEFC followed the trend of the cathode
in the single alkali electrolyte system, and the anode in the single
acid electrolyte system as expected. This result revealed what the
anode reaction and cathode reactions for the DEFC are (the same
as Table 1). By adding up the two half-cell reactions, energy from
the neutralization reactions was found to be counted as additional
energy used to split water. Thus, as additional potentials from
neutralization energy were applied to the electrodes, the poten-
tials required to produce hydrogen and oxygen were lower than
those in the single electrolyte systems, which contributed to a
smaller decomposition voltage for the DEFC. If all neutralization
energy has been converted to electrochemical energy, it could
provide a voltage of 0.83 V to the electrodes, which is the same as

623

the difference of the water splitting voltage between the single
(1.23 V) and dual electrolyte (2.06 V) in theory. In this mode, the
neutralization energy utilization efficiency was calculated to be
9.7%, as shown in the supplementary material. This is the first
time, to the best of our knowledge, that the energy from neu-
tralization reactions was utilized directly as electrochemical en-
ergy to split water, instead of being wasted as heat in most
situations.

3.4. Cycling efficiency and durability

Round-trip power efficiency in this case was evaluated by
voltage efficiency [26], defined as the ratio of the discharge voltage
(FC mode) to the charging voltage (WE mode) at a certain power
density. As shown in Fig. 4a, relied on the dual electrolyte design,
the efficiency of the DEFC was greatly improved compared with
that of the single electrolyte system. The DEFC could still work
with high efficiency at a high current density (even larger than
250 mA/cm?). At a current density of 50 mA/cm?, a round-trip
voltage efficiency of 127% was achieved for the DEFC. This value
was greater than 100%, which was mainly attributed to the dif-
ferent pH environment of electrodes; the unique feature trans-
ferred the neutralization energy to electrical potential applied at
the electrodes, thus improving the OCV and reducing the water
splitting voltage. At a current density of 100 mA/cm?, the round-
trip efficiency was 26.5% in the alkali single electrolyte system and
21.2% in the acid single electrolyte system; for the DEFC, however,
the efficiency reached as high as 83.5%. Even at a current density of
200 mA/cm?, the efficiency still stayed at about 36.8% while those
values for the acid and alkali single electrolyte systems dropped to
3% and 2%, respectively.

The cycle performance of the device was evaluated for its
durability. During a cycling test, the cell potential changes were
monitored at various current densities (from 100 to 180 mA/cm?).
As demonstrated in Fig. 4b, there is no observable performance
degradation after 6 cycles' operation. In Fig. 4c, I-t curves of cycle
performance of the DEFC are presented. Cycles were performed by
using galvanostatic measurement at a current density of
121.2 mA/cm?, and potentiostatic method at a voltage of 1 V. After
repeatedly running cycles for about 1000 s, no significant de-
gradation was observed.

The DEFC reported in this work has demonstrated decent elec-
trochemical performance at room temperature under atmospheric
pressure, which shows great potential of being a clean and
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180 mA |/ cm?. (c) I-t curves of cycle performance of the DEFC. Cycles were performed by using Galvanostatic (blue lines, current density=121.2 mA/cm?) and Potentiostatic

(black lines, U=1 V) methods.

renewable energy technology. The technique also provides a great
method to store low voltage energy efficiently like solar cells and a
new method to store off-peak power for power stations to transfer
electricity into hydrogen energy directly with a high efficiency. Since
the stacking number of the systems can be reduced due to the
higher power output and open circuit voltage the DEFCs produced,
the amount of catalyst needed can be reduced, so the cost and size
for the DEFCs' fabrication may be decreased. The membrane is
avoided in this device. Fabrication of high-quality materials for
membranes as well as the requirement of auxiliary systems for
membrane has greatly increased the cost of FCs. More troubles are
associated with the membrane in current designs, including humi-
dification, membrane degradation, fuel crossover, packaging failure
(due to the shrinkage and swelling of the membrane), and the
challenge to keep a high proton conductivity of the membrane for
different working operations [32,35]. Considering the cost of elec-
trolytes, if industrial waste alkali and acid from factories are used as
low-cost feed stocks, the cost would be relatively low, and the en-
ergy which is traditionally wasted as heat, now can be turned into
useful energy to provide power and store energy, with no acidic or
basic hazardous waste generated from the outlets finally. (Moreover,
deleted) Further optimization of both single DEFC performance and
integration of DEFC stacks in a recirculating fuel cell system could be
the topic of future research.

4. Conclusion

This work represents a major advance of the state of the art in
flow batteries as well as fuel cell system by reporting a rationally
designed DEFC, which stably delivered an open circuit voltage up
to 1.76 V at room temperature and atmospheric pressure. Crea-
tively using a membraneless laminar flow-based electrolyte design
in WE mode, the DEFC achieved a water splitting voltage of
~0.74 V, and a round trip voltage efficiency of as high as 83.5% ata
current density of 100 mA/cm?. Equipped with a commercialized
catalyst, the DEFC ran stably, and exhibited a good cycling per-
formance without observable degradation. The DEFCs could store
the energy of low voltage electricity, and provide higher power
than their single electrolyte counterparts. By decreasing fuel cell
stack and eliminating the membrane and oxygen supplies system,
the size of the DEFC and the cost to fabricate it were reduced. The
neutralization energy was both experimentally and theoretically
proved to be well utilized as electrochemical energy in dual
electrolyte systems at the electrodes both in FC mode and WE
mode. Holding a collection of compelling features such as room-
temperature operation, high open-circuit voltage, and low water
splitting voltage, the DEFC technology presented in this work
potentially renders a practical and effective approach to power
portable electronics and large-scale electricity generation. This
report opens a new window for both power sources and energy
storage devices, and demonstrates that a dual electrolyte and pH
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gradient or similar strategies might be used to achieve high elec-
trochemical performance. Similar strategies like concentration
differential and other advances in design and materials might also
lead to achieving high electrochemical performance in other areas.
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