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Paper-based microfluidics (lab on paper) emerges as an innovative platform for building small-scale devices
for sensing, diagnosis, and energy storage/conversions due to the power-free fluidic transport capability of
paper via capillary action. Herein, we report for the first time that paper-based microfluidic concept can be
employed to fabricate high-performing aluminum-air batteries, which entails the use of a thin sheet of fi-
brous capillary paper sandwiched between an aluminum foil anode and a catalyst coated graphite foil cath-
ode without using any costly air electrode or external pump device for fluid transport. The unique micro-
fluidic configuration can help overcome the major drawbacks of conventional aluminum-air batteries
including battery self-discharge, product-induced electrode passivation, and expensive and complex air
electrodes which have long been considered as grand obstacles to aluminum-air batteries penetrating the
market. The paper-based microfluidic aluminum-air batteries are not only miniaturized in size, easy to fab-
ricate and cost-effective, but they are also capable of high electrochemical performance. With a specific
capacity of 2750 A h kg™ (@20 mA cm™) and an energy density of 2900 W h kg%, they are 8.3 and 12.6
times higher than those of the non-fluidic counterpart and significantly outperform many other miniatur-
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DOI: 10.1039/c91c00574a ized energy sources, respectively. The superior performance of microfluidic aluminum-air batteries origi-

nates from the remarkable efficiency of paper capillarity in transporting electrolyte along with O, to
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1. Introduction

The rapid advance of information technology and future de-
mands for internet of things (I0oT) devices have stimulated ex-
plosive growth in the market for small, portable and disposable
electronics, which are envisioned to provide versatile functions
such as sensing, diagnostics, display, or medical therapy in our
daily life.'® This raises concerns about how to mitigate the
power needs of the dramatically rising number of small-sized
devices. Lithium-ion batteries (LIBs) have been the dominant
technology. However, the low abundance of lithium and signifi-
cant environmental impacts during lithium mining and battery
manufacturing have raised serious doubt about their feasibility
for large-scale sustainable applications. It is also anticipated
that a huge number of batteries, most of which are still almost
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fully charged after a single use, might be disposed in an
uncontrolled manner. This will lead to energy waste and seri-
ous environmental impact.** Alternative energy sources are ur-
gently required to meet the power requirement of small
electronic devices at minimal environmental cost. Aluminum-
air (Al-air) batteries have great potential because of their nu-
merous practical advantages, such as remarkably high theoreti-
cal specific energy density (8.1 kW h kg™), high theoretical volt-
age (2.7 V), abundance of raw materials (aluminum is the most
abundant metal element in the Earth's crust at 8.1 wt%), low-
cost, environmentally friendly nature of aluminum, and safety
for use in residential and commercial environments.”™°
Despite the great potential of Al-air batteries to be
employed as next-generation power supplies, several scien-
tific and technical issues need to be tackled before their
commercial-scale implementation: 1) self-discharge: the para-
sitic corrosion reaction of aluminum and electrolyte causes
self-discharge and shortens the battery shelf life; 2) passiv-
ation of anode by discharge products: formation of gel-like
aluminum hydroxide and/or hydrated alumina passivates the
anode surface and prevents further discharging; 3) expensive
and complex air electrode: careful design of the air electrode,
with an active catalyst, gas diffusion layer and current collec-
tor, is essential to promote oxygen diffusion/reduction®”***2
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and prevent pore clogging by carbonate formation and depo-
sition at air electrodes.'® Due to its structural complexity, the
air electrode usually represents the most expensive part in an
Al-air battery.

A lot of research has been done on these problems. For ex-
ample, intensive works are dedicated to modifying aluminum
with other metals to form an alloy; using a non-aqueous
electrolyte to alleviate the anode corrosion and
passivation;'*>*> developing novel electrolytes, catalysts and
air electrodes with sophisticated pore structures to enhance
oxygen reduction reaction (ORR) activity and increase the oxy-
gen mass transfer rate.>*” However, these advancements
can lead to increased system costs, and complicated and
costly procedures for battery component recycling. Al-Air bat-
teries with flowing electrolytes are an alternative way to miti-
gating the oxygen mass transfer challenge, but external pres-
sure sources (e.g., pumps) are needed to maintain electrolyte
flow. This would also add to system costs, making miniaturi-
zation of the flow battery system for small devices unrealistic.

In the current work, a paper microfluidic concept has
been implemented for the first time in constructing Al-air
batteries, and the fabricated paper-based microfluidic Al-air
battery (denoted as pAl-air) can be employed as a miniatur-
ized power supply for those small-sized disposable electron-
ics. Moreover, those scientific and technical problems faced
by conventional Al-air batteries can be largely relieved or
even eliminated on these miniaturized energy devices. As a
matter of fact, paper materials have already been employed
as a key component in making low-cost, eco-friendly, porta-
ble and flexible power sources, and take function as electrode
separator, electrolyte/redox species reservoir, or electrodes
(e.g., electric conductive paper).*®*** Different from these re-
ports, here in the current work, paper is employed as micro-
fluidic channel to continuously and spontaneously transport
electrolyte solution with steady flow rate, largely benefiting
from the capillary action on paper with cellulosic fibrous
structure. The pAl-air batteries are composed of an alumi-
num foil anode, a catalyst loaded graphite foil cathode, and a
sheet of porous paper, which serves as both separator and
microfluidic channel for carrying electrolytes to electrode sur-
faces (Fig. 1a). This unique paper-based microfluidic design
is expected to bring about the following advantages to an Al-
air battery: first, Al anode is stored separately from the
electrolyte before use, which can completely prevent parasitic
corrosion induced self-discharge and prolong battery shelf
life. Second, continuous flow of the electrolyte can minimize
the accumulation of non-reactive discharge products (e.g.,
Al(OH);) at anode/cathode surfaces, preventing electrodes
from surface passivation. Third, the capillary driven flow
within the porous paper channels enables sufficient mass
transfer of O, to cathode and completely omits the use of ex-
pensive air electrodes and bypasses the pore clogging issue of
air electrodes, which represents one of the major causes of
battery failure. Compared with traditional (micro) flow batte-
ries, no external equipment, e.g.,, pumps, is needed in the
paper-based pAl-air battery to circulate the electrolyte. The
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Fig. 1 (a) Schematic illustration of a paper-based pAl-air battery; (b)
cross sectional SEM image; and (c-e) EDS elemental mapping images
of a paper-based pAl-air battery.

latter is unique to paper-based capillary transport
systems.”>™*® The resultant structure, together with cost-
effective and eco-friendly battery components, makes pAl-air
batteries feasible as the next-generation of power supply for
portable and disposable electronic applications, particularly
in single-use devices in diagnosing and sensing fields.

2. Experimental
Material and chemicals

Palladium 10% on carbon (type 487, Alfa Aesar), potassium
hydroxide (Alfa Aesar), ethanol (VWR), Nafion solution (5
wt%, Sigma-Aldrich), conductive silver printing ink (resistivity
5-6 uQ cm, Sigma-Aldrich) were all analytical-grade reagents
and used as received without any further purification. Alumi-
num foil (thickness: 0.05 mm) was purchased from Sigma-Al-
drich. Graphite foil (thickness: 0.35 mm) was purchased from
Sigraflex. Filter paper (grade 417, thickness: 0.15 mm, mean
pore diameter: 50 pm, mean porosity: 50%) was purchased
from VWR. All solutions were prepared with ultra-pure water.
Gas diffusion layer (GDL, 28BC) was purchased from
Ionpower. An electric fan (A105) with a power rating of 10
mW was purchased from H-TEC Education GmbH.

Preparation of the battery prototype

Cathode electrode is Pd/C on graphite foil, with Pd/C as cata-
lyst and graphite foil as current collector. Graphite foil was
first cut into rectangular shape pieces with 25 mm in length,
and then cleaned with ethanol and ultrapure water under
ultrasonication. PMMA substrate (60 x 40 mm) was cleaned
under the same protocols. A catalyst ink (20 mg mL™") was
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prepared by sonicating Pd/C in water. Typically, 8 pL of cata-
lyst ink (Pd loading: 0.04 mg cm>) was carefully applied onto
one end of the graphite foil by drop casting, covering a sur-
face area of 40 mm* (Fig. Slat). Catalyst coated electrodes
were then left air dried at room temperature for 30 min prior
to use. In order to prevent catalyst detaching from the graph-
ite foil, a certain amount of Nafion solution was dropped
onto the catalyst layer and then dried at room temperature
for another 30 min. The mass ratio of Pd to Nafion is fixed at
100:1. Aluminum foil was cut into rectangular shape pieces
with 25 mm in length and used as anode directly, as shown
in Fig. S1a.f The electrodes are fixed on the PMMA substrate
by tape for easy operation, as detailed in Fig. S1b.f The anode
and cathode electrodes were places face-to-face and separated
by a piece of filter paper (VWR grade 417, 80 x 10 mm?®).
Note, we used this particular paper, as it consists of cotton
linters fibers which are composed of almost pure alpha cellu-
lose with very little lignin and further polysaccharides, re-
spectively. The width of the geometric electrode active area
(the overlapping area of the electrode and electrolyte) was
8 mm. A rectangular shaped absorbent pad (40 x 30 mm?)
was placed at the end of the paper strip, and the other end of
the paper strip was immersed in electrolyte during battery
discharge (Fig. Sict).

Flow rate measurements

Flow rate of electrolyte (1.5 M KOH) within paper channel
(VWR grade 417, 10 mm in width) was measured by moni-
toring the mass gain of the absorbent pads (VWR grade
417, 40 x 30 mm?®) over time using an analytical balance. A
digital webcam (Logitech C920 PRO HD) was used to record
the readings of the balance. As shown in Fig. S2a,f one
end of the paper channel was immersed in the reservoir
out of the balance, and the absorbent pad was placed on
the other end of the paper channel on the balance. The
reservoir was filled with 1.5 M KOH solution (1.056 g mL™
at 20 °C). The solution density was obtained by weighting
1.000 mL solution. The balance was tared immediately
when the liquid front reached the absorbent pad. A steady
weight increase can be observed until the absorbent pad
was fully saturated by the electrolyte. The volume (mL) of
the electrolyte in absorbent pad was converted from the
mass (g) of the electrolyte, and then plotted against time
(min), and linear regression was used to determine the vol-
umetric flow rate (Fig. S2bt).

Fabrication of the pouch battery

The paper-based pAl-air pouch battery is shown in Fig. S3af
and 6. The anode and cathode electrode, together with the
filter paper strip and absorbent pad, were attached to a piece
of laminating pouch, and their relative positions were the
same as the prototypical battery on a PMMA substrate men-
tioned previously. The punch battery was sealed by using an
office laminator (Fellowes Lunar A4). Each battery underwent
the laminating press twice, once from each direction: 1)
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along the paper channel (from absorbent pad to the
electrodes), 2) across the paper channel (from cathode
electrode to anode electrode). A sponge (around 1 cm® in vol-
ume) saturated with electrolyte was placed at the end of the
paper channel to serve as an electrolyte reservoir. When two
batteries were connected in series (Fig. S3bt), they were
placed at a proper angle; the end of the paper channel over-
laps with each other, so that one piece of sponge is able to
trigger two cells at the same time. Conductive silver printing
ink was used to connect batteries to reduce the ohmic
resistance.

Electrochemical measurements

Electrochemical measurements were carried out on a PMC-
1000 multichannel potentiostat (AMETEK) controlled by
Versastudio software at room temperature. The electro-
chemical measurements were carried out shortly after the
electrolyte flowed along the paper channel through the
electrodes and reached the absorbent pads. The cell resis-
tance between anode and cathode electrodes was determined
by conducting the AC impedance analysis (100 kHz, 5 mV),
with a cell resistance of under 10 Q implying a good connec-
tion. The open circuit voltage (OCV) and power of the battery
were measured by LSV from OCV to 10 mV with a step height
of 20 mV at 2 s intervals. Galvanostatic discharge of batteries
was performed using chronopotentiometry technique. For
comparison, the projected geometric electrode area
(overlapping area between the Al foil and catalyst coated cath-
ode at the reaction zone) was used to calculate current den-
sity and power density during normalization. For each condi-
tion, the measurements were conducted at least four times,
using different batteries to generate the error bars (defined
as the relative standard deviation).

Structural analysis

The thickness of the aluminum foil, graphite foil and paper
materials were measured using a high precision dial thick-
ness gauge with 0.001 mm reading (F-1101/30, Kifer
Messuhren GmbH). The morphology and elemental mapping
of battery cross-section and electrodes were probed using a
scanning electron microscopy (Philips XL30 FEG) equipped
with an EDAX X-ray detector (CDU Leap XL-30) operated at
an accelerating voltage of 30 kV.

3. Results and discussion
Structure and design of paper-based pAl-air batteries

A three-layer sandwich structure consisting of cathode, sepa-
rator and anode is employed to construct the reaction zone
of pAl-air batteries, as shown in Fig. 1a and S1,} respectively.
The microfluidic paper channel (separator) is sandwiched be-
tween Al foil (anode) and Pd/C coated graphite foil (cathode),
and the reaction zone lies in between the electrolyte reservoir
and absorbent pad. Instead of using a gas diffusion air
electrode, poreless graphite foil is used at the cathode as it

This journal is © The Royal Society of Chemistry 2019
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acts as both current collector and substrate for coating Pd/C
to catalyze the ORR process. The microscopic structure of the
paper-based pAl-air battery was investigated using cross-
sectional scanning electron microscopy (SEM) and energy dis-
persive X-ray (EDX) elemental mapping analyses (Fig. 1b-e),
with which the layered structure can be easily distinguished.
The signals from carbon and aluminum roughly follow the
shape of the graphite foil and aluminum foil, respectively,
while the catalyst layer features a strong signal from Pd. The
thicknesses of each layer can also be determined: 50 pm - Al
anode, 165 um - paper channel, 230 um - catalyst layer (Pd
loading 0.04 mg cm™2), and 350 um - graphite foil.

Successful implementation of the paper microfluidic Al-
air battery concept relies heavily on the feasibility of sustain-
able capillary flow within the paper channel. In a paper-
based pAl-air battery, the electrolyte flows along the paper
channel in a laminar way, driven by the capillary force; no ex-
ternal auxiliaries (e.g., pumps) are used to maintain the lami-
nar flow. From a macroscopic point of view, the single-phase
flow of a Newtonian liquid within a porous medium (e.g., pa-
per) is governed by Darcy's law:

V=—— (1)

where v is the flow velocity (m s™), k is the permeability (m?),
7 is the viscosity (Pa s), AP/Ax represents the pressure change
per unit length (Pa m™). In the case of imbibition-driven flow
in paper, the pressure is the capillarity suction given by the
Young-Laplace equation:

20 cosb
oot ()

r

where ¢ is the liquid-air surface tension (N m™), 6 is the lig-
uid-fiber contact angle, r is the average pore radius of the pa-
per (m). With the increase of distance moved by the fluid on
paper, the AP/Ax reduces as a function of time. Substituting
the eqn (2) into eqn (1) gives:

kotcos6 _ \/Et 3)

x(t) =2 r
where x is the distance moved by the fluid front (m) under
capillary pressure, t is the time (s), D is a simplified diffusion
coefficient.*® This is the well-known Lucas-Washburn equa-
tion, which points out that flow velocity of liquid in a rectan-
gular paper strip diminishes with time increasing.>® Nonethe-
less, as demonstrated in other paper-based microfluidic
devices, using an absorbent pad at the end of the paper chan-
nel will make the liquid imbibition dynamics deviate from
classic Lucas-Washburn behavior, and a quasi-stationary flow
over time can actually be sustained.”*” In the current work,
the flow rate of electrolyte within the paper channel was ex-
perimentally determined by following a previously developed

This journal is © The Royal Society of Chemistry 2019
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protocol.>® As shown in Fig. S2,f the volume of an aqueous
KOH solution keeps increasing linearly over time; regression
analysis shows that the flow rate of the electrolyte is around
24 pL min". This result verifies that the microfluidic design
can enable quasi-stationary flow within a paper channel,
which provides the foundation for steady discharge in pAl-
air batteries.

Electrochemical performance of paper-based pAl-air batteries

The possible influences of two critical chemical components,
the Pd/C catalyst and the KOH electrolyte, were studied and
optimized before analyzing the electrochemical performance
of the paper-based pAl-air battery (Fig. 2). Pd/C was
employed as the cathode catalyst because of its fairly high
catalytic activity toward ORR.”**> The Pd loading on the cath-
ode was varied from 0.025 to 0.075 mg cm > to investigate its
influence on battery performance. As shown in Fig. 2a, the
peak power density increases linearly with the Pd loading,
from 0.025 to 0.04 mg cm 2, and then reaches a plateau with
increasing Pd loading up to 0.075 mg cm ™, which is probably
due to low catalyst utilization associated with the thick cata-
lyst layer. Therefore, a Pd loading of 0.04 mg cm > was cho-
sen in the following investigations. Experiments were also
performed to investigate the influence of electrolyte concen-
tration (Fig. 2b). The KOH concentration was varied in the
range of 0.2 to 2.5 M. The peak power density increases by al-
most 3 times when the KOH concentration increases from
0.2 to 1.5 M, while a deviation from this trend is observed by
further increasing the KOH concentration up to 2.0 and 2.5
M. This unique dependence behavior is a consequence of the
interplay between facilitated Al oxidation reaction at the an-
ode, and disfavored ORR at the cathode, with more concen-
trated KOH electrolyte.’®>® The battery performance becomes
unstable and power density starts declining when the KOH
concentration reaches 2.0 M (Fig. S47), which may originate
from degradation of the cathode catalyst and/or cellulose pa-
per in the presence of a strong alkaline medium.*® In view of
these results, a KOH concentration of 1.5 M is adopted as a
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Fig. 2 (a) Influence of the Pd loading on peak power density. KOH
concentration: 1.0 M; the geometric electrode active area: 8 x 5 mm?.
(b) Influence of the KOH concentration on the peak power density. Pd
loading: 0.04 mg cm™2; the geometric electrode active area: 8 x 5
mm?2,
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tradeoff between high peak power density and good battery
operation stability.

The electrochemical performance of the paper-based pAl-
air batteries was then characterized by recording their polari-
zation (V-I) and power density curves (Fig. 3). At the same
time, a non-fluidic counterpart Al-air battery with a similar
layout but using electrolyte-wetted paper between anode and
cathode (Fig. S5T) was also constructed and tested as a refer-
ence. The linear sweep voltammetry (LSV) from open circuit
voltage (OCV) to 10 mV was recorded 10 times. Fig. 3a shows
the polarization (V-I) and power density curves recorded on a
paper-based pAl-air battery under continuous LSV. Both the
maximum current density and peak power density of the
pAl-air battery first increase and then level off after the 3rd
voltammetric scan. The OCV of the battery approaches ca.
1.55 V, and the maximum current density reaches 66.5 mA
cm™? (absolute current: 26.6 mA). The battery can also deliver
a peak power density of 22.5 mW cm > (absolute power: 9.0
mW), which is significantly superior to many other miniatur-
ized power supplies (compared in Fig. 3d and Table S1%). In
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contrast to the pAl-air battery, the performance of the non-
fluidic counterpart drops quickly with the scan number
(Fig. 3b). Its peak power density decreases by 40% and 75%
after the 3rd and the 10th voltammetric scans, respectively,
indicating that the non-fluidic Al-air battery suffers severe
degradation during the polarization tests.

Continuous battery operation is studied by recording the
galvanostatic discharge curves at various current densities,
ranging from 5 to 20 mA cm™? (Fig. 3c and S6%). The pAl-air
battery can exhibit a relatively steady discharge voltage, and
all of the Al anodes were almost fully consumed regardless of
the discharge current, as shown in the inset of Fig. 3¢ and
S6a.t At a discharge current density of 20 mA cm™, the spe-
cific capacity (based on the total mass of Al in the anode) is
estimated to be 2750 mAh g™* (corresponding to a coulombic
efficiency of 92%), implying that the parasitic self-corrosion
of Al is largely suppressed in the pAl-air battery. Most re-
cently, Leung et al. reported the fabrications of paper-based
Al-air battery in which a piece of paper was sandwiched be-
tween an air electrode (consisting of ORR catalyst, Ag mesh

25

b —o— 1st scan

1.6 —a— 3rd scan
#— 10th scan | 20 g
3
- %
12 .5 %
s 2
o <
Q 0.8 —
= 410 3
o s
g 2
0.4 15 <~

0.0 / i T ST 1o

0 10 20 30 40 50 60 70
Current density (mA/cm’)

10* p
This work 63
(fluidic, KOH) &
—_ Thiswork @ -
2 (fluidic, Nacl) ~ °7
- 35 N o
S10F o 9 66
70
z oo LA
S 710 o/
° This work
3102 R (non-fluidic, KOH)
o [fOe67 This work (non-fluidic
s with GDL, KOH)
101 aaaassad o 4 asaand adassal o 4 aaaand
107 10" 10° 10' 10°

Power density (mW/cm?)

Fig. 3 Polarization (V-/) and power density curves recorded at different scan numbers measured by continuous LSV: (a) paper-based pAl-air bat-
tery; and (b) paper-based Al-air battery with stagnant (non-fluidic) configuration; (c) discharge curves at current density of 20 mA cm™2. The insets
in (c) are the optical images of the anode aluminum foil before (middle) and after discharge (left: non-fluidic Al-air battery; right: pAl-air battery);
(d) comparison of power density vs. energy density of pAl-air batteries with other energy storage devices. Square: primary Al-air battery; circle:

miniaturized Al-air battery; triangle: miniaturized Zn-air battery; pentagon: miniaturized eutectic gallium-indium-air battery.
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current collector and a gas diffusion layer) and an Al anode,
and they also found that porous and tortuous microstructure
of paper can greatly impede the diffusive transport of OH",
consequently suppressing Al corrosion despite a non-fluidic
configuration is employed during the battery discharge.®*®*

The specific energy density (based on the total mass of Al
foil) is calculated to be 2900 W h kg™, which represents one
of the highest values among miniaturized/flexible Al-air bat-
teries. A relatively lower discharge current density is always
accompanied by a lower specific capacity, which may stem
from the parasitic self-corrosion of Al (Al + 3H,0 + OH —
3/2H, + Al(OH),).>** As shown in Fig. S7,} it takes 57 min for
a piece of Al foil (8 x 5 mm?) to be fully dissolved in 1.5 M
KOH solution. Lower discharge current along with longer dis-
charge time could have led to severer parasitic Al corrosion,
which results in lower overall specific capacity of the bat-
tery.>®> A different picture emerges for the non-fluidic Al-air
battery: voltage drops quickly regardless of the discharge cur-
rent densities (Fig. S6bt); this result is in line with the rapid
degradation of the non-fluidic Al-air battery during polariza-
tion tests (Fig. 3b). The Al anodes stay intact after
discharging, although the surface of the Al foil becomes
coarse, and some white deposit covers the Al foil surface
(Fig. 3c and S6b¥). When the battery is discharging at 20 mA
em™?, the specific capacity and energy density of the non-
fluidic battery are calculated as 330 mA h g™ and 230 W h
kg™, respectively, which is 8.3 and 12.6 times lower than the
values obtained using the pAl-air battery. Attempt were also
made to construct a non-fluidic Al-air battery using a gas dif-
fusion layer air electrode at the cathode, which is widely
adapted in conventional Al-air batteries. The performance is
shown in Fig. S8:1 the peak power density declines signifi-
cantly with the voltammetric scan numbers, which is similar
to the non-fluidic Al-air battery without air electrode. Both
the peak power density (20.5 mW cm™>, read at the 1st V-I
scan) and specific capacity (500 mA h g™') are superior to
those of the non-fluidic counterpart without air electrode,
which is not surprising since the mass transfer of O, is facili-
tated using the air electrode, while at the same time the per-
formance is still much worse than that of the pAl-air battery,
demonstrating the great advantage of the microfluidic config-
uration in building high-performing Al-air batteries.

The performance of the paper-based pAl-air battery was
also tested using neutral electrolyte (2 M NaCl; Fig. S97). The
pAl-air battery can exhibit an OCV of 0.70 V, and a maximum
power density of 11.3 mW cm™. It can also be observed that
the battery can discharge steadily at 20 mA cm™ until most
of the anode aluminum foil is consumed, and the battery ex-
hibits a specific capacity of 2200 mA h g™', which corre-
sponds to 80% that of the battery using KOH electrolyte.
These results indicate that the possible anode passivation by
insoluble reaction product (e.g., Al(OH);) is less likely taking
place on these paper-based pAl-air batteries regardless of the
nature of electrolyte. It is hypothesized that insoluble prod-
ucts might be flushed away by the flow of electrolyte, which
helps minimize the accumulation of those insoluble products

This journal is © The Royal Society of Chemistry 2019
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and prevent electrode surface from passivation. Moreover, as
shown in Fig. 3d and Table S1,i paper-based pAl-air batte-
ries, whether using an alkaline or neutral electrolyte, exhibit
superior power and energy densities to recently reported min-
iaturized metal-air batteries, and are even comparable to
some of the primary Al-air batteries. The success in using
NaCl electrolyte also raises the possibility of activating pAl-
air batteries by directly using naturally abundant seawater,
which sheds new light on developing fully sustainable energy
storage/conversion devices in the future.

Rechargeability of the pAl-air battery was also investigated.
Although Al-air batteries with aqueous electrolyte are in princi-
ple not electrically rechargeable, the mature Al refining/
recycling technology and market make it feasible to “mechani-
cally” recharge Al-air batteries by simply replacing entire Al an-
odes. The pAl-air battery can exhibit excellent cycle perfor-
mance during a mechanical recharging process (Fig. S101),
which is done by replacing the Al foil after a preceding full dis-
charge operation at 20 mA cm>.The discharging curves are in
a comparable range after 3 cycles, implying that the cathode
electrode is robust and can be used repeatedly in the pAl-air
battery, which would be desirable for practical applications.

Insight into the advantage of paper-based pAl-air batteries

Despite their simple structure, paper-based pAl-air batteries ex-
hibit superior performance in both power density and energy
density, largely due to the unique microfluidic configuration.
The most intriguing question is about the advantage of micro-
fluidic design. Before this question can be answered, the rapid
battery drain of non-fluidic Al-air batteries must be assessed.
As shown in Fig. 3c, the non-fluidic Al-air battery can
barely sustain steady voltage during discharge and rapidly
shuts down due to severe degradation. To probe the degrada-
tion mechanism of non-fluidic Al-air batteries, attempts were
made to recover the degraded non-fluidic Al-air battery, using
either a new anode or cathode, along with newly prepared
electrolyte. The discharge capacity of the non-fluidic Al-air
battery can only be recovered when a new cathode is used
(Fig. S117), indicating that the cathode is mainly responsible
for the degradation of non-fluidic Al-air batteries. In a con-
ventional proton exchange membrane (PEM) fuel cell, com-
plete flooding of the cathode by an aqueous electrolyte would
result in a significant loss of cell performance due to the lim-
ited diffusion coefficient of O, in aqueous phase and associ-
ated restricted mass transfer of O, to ORR catalysts.”>”> To
find out whether degradation of the non-fluidic Al-air battery
is caused by analogous cathode flooding, the cathode was
dried out for 2 h, then re-used in the non-fluidic Al-air battery
for the next discharge. Battery performance, in terms of dis-
charge voltage and capacity, can be fully regained using the
recovered cathode (Fig. S11ct). This confirms that the fully
flooded cathode is the main cause of battery degradation.
Based on this, there is a possible rationale for the dra-
matic difference in performance between the pAl-air battery
and its non-fluidic counterpart. In this work, oxygen
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molecules for ORR mainly come from naturally dissolved O,
from air. In a non-fluidic battery, the channels and pores in the
catalyst layer are fully flooded by the electrolyte. The continu-
ous consumption of oxygen at the cathode and slow diffusion
of O, from bulk electrolyte to catalyst pores results in a build-
up of the depletion layer for the dissolved O, near the catalyst
surface; the gradually decreasing O, concentration leads to a
decline in power density (Fig. 3b) and eventually battery shut
down (Fig. 3c) when the O, within the catalyst layer is depleted.
In contrast, the power density of a pAl-air battery slightly in-
creases from the 1st to the 3rd LSV, which is probably related
to the electrolyte penetrating into the catalyst layer. After this,
fairly stable power output can be obtained (Fig. 3a). As shown
in the galvanostatic discharge measurements (Fig. 3¢ and
S107), the pAl-air battery can discharge steadily until the Al an-
ode is completely consumed. After mechanical recharge by re-
placing the Al foil, the pAl-air battery has almost unchanged
capacity, indicating that no limitation from O, transportation
has come into effect during the discharge process.

To gain further insight into the superiority of the micro-
fluidic configuration in facilitating the mass transfer of O, to
the cathode, an additional experiment was performed by
placing a piece of porous paper onto the microfluidic paper
channel (Fig. 4a). The additional porous paper was used to
mimic the catalyst layer in direct contact with the micro-
fluidic paper channel. Then one end of the paper channel
was alternately dipped into a dye solution and a clear water
solution. The time lapse images of solution flow patterns
within the overlay paper were recorded (Fig. 4a). The flow
pattern within the overlay paper always follows that of the pa-
per channel underneath when switching the inlet solution
from dye to water or vice versa. It seems that a portion of the
solution diverts into the overlay paper. The diverted solution
flows through the overlay paper and then converge into the
main stream in the underneath paper channel. These results
imply that the liquid phase within the pores of the overlay
paper is not stagnant, and the pores keep being replenished
by the new solution via convection. By applying this knowl-
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edge to the pAl-air battery, O,-rich fresh electrolyte can be
“convectively” transported to the cathode catalyst layer in a
continuous manner, which could prevent the build-up of the
O, depletion layer within the cathode (Fig. 4b). This is not
the case in a non-fluidic Al-air battery as mass transfer of O,
can only be achieved by slow diffusion in an aqueous solu-
tion, which would lead to rapid degradation of non-fluidic
Al-air battery due to fast depletion of O, at near surfaces of
the cathode (Fig. 4c). Even though using an air electrode in a
non-fluidic Al-air battery can postpone battery shutdown by
directly feeding air to the cathode, its overall capacity is still
limited by the cathode, as reflected by the declining dis-
charge curve accompanied by a well-reserved Al anode after
discharge (Fig. S8bf). The much lower overall capacity com-
pared to the pAl-air battery again demonstrates the great
structural advantage of the microfluidic configuration in fa-
cilitating mass transfer of O,.

Practical applications

To meet the power requirements of various electronic devices,
the power scalability of paper-based pAl-air batteries was first
investigated by either enlarging the electrodes (geometric
electrode active area) or connecting several batteries in series.
The peak power of the pAl-air batteries can be increased by
37.5% and 85.2% when the electrode width is enlarged from 5
to 10 and 15 mm, respectively (Fig. 5a and S127}). The areal
power density (power normalized to the geometric electrode
active area) is reduced on larger electrodes (Fig. 5a), which
probably originates from the severer depletion of O, at the
electrode along the direction of flow, as has been recently
reported.>® Nevertheless, both OCV (3.0 V) and power density
(17.9 mW) are nearly doubled when two batteries are
connected in series (Fig. 5b), indicating good voltage and
power scalability of pAl-air batteries in series configuration.
The initial lab scale testing setup (Fig. S11) of the paper-
based pAl-air batteries was expanded to a pouch cell configu-
ration (Fig. 6a and b and S3t) which is more user-friendly.

b Graphite foil

Catalyst
layer

Aluminum foil

o.vc- N

c Graphite foil

Catalyst f" ,“:‘,‘w.’.!&, #" il o “"1" il
layer

Non-fluidic

electrolyte

Aluminum foil

Fig. 4 (a) Time-lapse photos showing flow patterns of solutions within the overlay paper, where the green squares mark the overlay paper. Sche-
matic illustrations of O,-rich/low electrolyte distribution in (b) pAl-air battery, and (c) non-fluidic Al-air battery in cross-section.
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Fig. 6 A paper-based pAl-air pouch battery from (a) top and (b) side view. (c) A single battery (geometric electrode active area: 8 x 5 mm

%)

powering a calculator. (d) A single battery (geometric electrode active area: 8 x 15 mm?) powering a mini-fan. Two series-connected pAl-air pouch
batteries (geometric electrode active area: 8 x 5 mm?), powering (e) one and (f) six LED lamp(s).

The pouch batteries can be activated by simply contacting
the paper with an electrolyte storage device (in this case a
piece of sponge pre-wetted with 1.5 M KOH electrolyte), as
shown in Fig. S3.t Polarization curves were then recorded by
performing LSV measurements on the pouch batteries. The
voltage—-current characteristic is identical to the prototypical
pAl-air battery (Fig. S3ct). Therefore, the pouching process
has little impact on the performance of the paper-based pAl-
air battery. The pouch batteries were then used to power
some small electronic devices. A single battery (geometric
electrode active area: 8 x 5 mm?*) was able to fully power a
hand-held calculator with a LCD display (Fig. 6¢). A single
battery (geometric electrode active area: 8 x 15 mm?) is capa-
ble to keep a mini-fan running for over 70 min, as shown in
Fig. 6d and S13.f Attempts were also made to use two
connected batteries to power a LED lamp (Fig. 6e); more LED
lamps can be on at the same time due to the high overall
power output (Fig. 6f). These results successfully demonstrate
the great potential of pAl-air batteries to meet the power de-

This journal is © The Royal Society of Chemistry 2019

mand of small portable and disposable electronic devices.
Further optimization of the battery geometry and miniaturi-
zation of the battery is now required, which could be
achieved by integrating solid KOH or NacCl into the inlet of
the paper channel. The pAl-air battery can then be conve-
niently activated by adding water, which will bring the pAl-
air battery closer to being an ideal power supply option for
small devices. Moreover, cellulose fibers with high mechani-
cal properties and well-defined porous structures, such as
TEMPO-oxidized cellulose nanofibers, hold great potential to
further boost the performance of paper-based microfluidic
batteries.>”*””

4. Conclusion

In addition to developing novel electrocatalysts and structural
engineering of complex air electrodes, adoption of a micro-
fluidic configuration turns out to be a highly efficient and in-
expensive way to construct high-performing Al-air batteries.
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In comparison to conventional Al-air batteries, where the
electrolyte is pre-loaded, in a pAl-air battery a porous paper
channel enables spontaneous capillary flow of electrolyte,
which can efficiently shuttle O, to the cathode, overcoming
many shortcomings of conventional Al-air batteries, e.g., self-
discharge, short shelf life, and spontaneous electrode passiv-
ation by reaction products. The microfluidic paper-based de-
sign eliminates expensive air electrode from the Al-air bat-
tery, which helps minimize overall system cost and battery
encapsulation effort since the bothersome open cell structure
of air electrodes can be omitted, and at the same time by-
passes the pore clogging issues. The pAl-air battery exhibits
impressive electrochemical performance in specific capacity
(2750 A h kg™") and energy density (2900 W h kg™, both of
which are significantly superior to Al-air batteries with non-
fluidic configuration, irrespective of whether an air electrode
was used. The excellent performance of pAl-air batteries is
also reflected by their capacity to power electronic devices
with different power requirements. We believe that the
paper-based microfluidic concept demonstrated here has the
potential to significantly advance the design of metal-air bat-
tery systems, creating next-generation high-efficiency, low-
cost and eco-friendly energy sources, and can potentially have
strong implications for the construction of other high-
performing energy storage/conversion systems.
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