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The rate of battery waste generation is rising dramatically worldwide due to increased use and consumption of electronic devices.
A new class of portable and biodegradable capillary flow batteries was recently introduced as a solution for single-use disposable
applications. The concept utilizes stored organic redox species and supporting electrolytes inside a dormant capillary flow cell
which is activated by the dropwise addition of aqueous liquid. Herein, various organic redox species are systematically evaluated
for prospective use in disposable capillary flow cells with regards to their electrochemical characteristics, solubility, storability and
biodegradability. Qualitative ex-situ techniques are first applied to assess half-cell solubility, redox potential and kinetics, followed
by quantitative in-situ measurements of discharge performance of selected redox chemistries in a microfluidic cell with flow-through
porous electrodes. Para-benzoquinone in oxalic acid and either hydroquinone sulfonic acid or ascorbic acid in potassium hydroxide
are identified for the positive and negative half-cells, respectively, yielding a maximum discharge power density of 50 mW/cm?.
A prototype capillary flow battery using the same redox chemistries demonstrates robust cell voltages above 1.0 V and maximum
discharge power of 1.9 mW. These results show that practical primary battery performance can be achieved with biodegradable
chemistries in a disposable device.
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The market demand for small-size single-use electronic devices
such as portable sensors and diagnostic devices has been rising dras-
tically in recent years. The power needs of such devices have so far
been met by Li-ion batteries and other primary battery technologies,
resulting in a consequent rise in their consumption. These batteries
often contain heavy metals and strong electrolytes which make them
one of the most hazardous components of electronic waste.! In ad-
dition, the majority of the primary Li batteries used globally are not
recycled nor properly disposed of, thus ending up in landfills without
regulations.? In applications that do not require long discharge times
and have modest capacity requirements such as medical devices, these
batteries are not even fully discharged before being disposed of. This
requires further resources for re-extracting the materials if not recov-
ered, which is not sustainable and raises concerns about the abun-
dance of these resources. The end-of-life fate of these batteries and
their life cycle assessment therefore only justifies the use in recharge-
able applications beyond hundreds of cycles.>* These issues trigger a
worrying concern about associated future environmental hazards from
the battery waste generation and urgently call for novel alternatives,
tightened environmental policies and switching the linear consump-
tion habit of “take-make-dispose” for these primary batteries into a
circular economy model. This approach utilizes novel concepts such
as green electronics and cradle-to-cradle design to eliminate waste
from the conception of new devices as a top priority considering the
waste hierarchy.>®

A few prototypes have been reported to date for batteries that align
with the philosophy of green electronics. However, most of these pro-
totypes were designed for transient implantable or edible applications
and were generally based on benign metals that will dissolute upon use
in a short time. Kim et al. utilized melanin and activated carbon in wa-
ter activated sodium ion batteries that are edible.” Yin et al. discussed
the use of biodegradable metals such as Mg, Fe, W or Mo as electrode
materials for ingestible applications.® Tsang et al. reported the design,
fabrication and testing of a biodegradable battery based on Mg and
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Fe with power output of 30 wW that satisfies the lower range required
for implantable applications.” Recently, Nadeau et al. demonstrated
an ingestible battery based on Zn and Cu that is activated by gas-
tric fluid.'® Aside from the implantable applications, a biodegradable
super capacitor was recently reported as an environmentally friendly
energy storage solution.''

Various other electrochemical power source concepts have been
proposed as sustainable alternatives for portable applications, with
limited attention to their end of life disposal. Within the fuel cells
category, different organic liquid fuels were used as benign fuel, such
as methanol, formic acid, ethanol or ethylene glycol.'>"> For exam-
ple, Esquivel et al. presented a paper-based direct methanol fuel cell
that can be integrated within lateral flow test strips.!> However, the
electrochemical reactions involving these organic liquid fuels often
require precious metal catalysts such as platinum or palladium that
are scarce and thus not readily disposable. Other works reported the
use of biological fuels, such as glucose.'®! However, despite the
high energy density associated with biofuels,'® their power output is
generally much lower than the target application requirements and the
biocatalysts often have limited stability.?’ Moreover, ion exchange
membranes associated with conventional fuel cells are typically not
suitable for disposable applications, due to their cost and composi-
tion. This dictates the use of membrane-less cell designs such as those
recently developed based on co-laminar flow, wherein the mixing of
reactants is governed by slow, cross-stream diffusion in lieu of a phys-
ical barrier or membrane otherwise used to separate the reactants.>!->?
These membrane-less devices thus offer advantages in cost, simplic-
ity, performance and durability.”* In addition, membrane-less cells
have the flexibility of tuning the specific conditions in each half-cell
(mixed-media operation) since the conditions are not restricted by the
ion selective membranes required in conventional cells.?* Kjeang et al.
applied flow through porous electrodes in co-laminar flow cells, which
eliminated mass transport limitations and enabled full utilization of
the three dimensional electrode area for increased reactant conver-
sion and high discharge power density.”> These porous electrodes
were recently engineered together with the device dimensions to offer
unprecedented power densities of 2.0 W/cm?, which is the highest per-
formance reported to date for aqueous electrochemical flow cells.?®
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Figure 1. a) Microfluidic co-laminar flow cell with flow-through porous electrodes used for measuring discharge performance. b) Side view and c) cross-sectional
view of the disposable capillary flow cell used for final demonstration of reactant chemistries in an integrated device.

Nevertheless, the vanadium redox electrolyte used in that case is not
adequate for single-use applications, due to associated toxicity and
cost.

Many paper-based electrochemical cells have been reported owing
to various advantages such as self-pumping using capillarity, simplic-
ity, disposability enabled by low-cost and ease of integration within
devices for low-resource environments.””?® In the case of co-laminar
flow cells, the capillary action in paper-based cells can eliminate the
need for a pump to drive the flow.!> Some paper-based devices relied
on the use of metals such as Cu, Al, Mg or Ag to form a microflu-
idic galvanic cell,>*° with open circuit voltages up to 2.2 V.3! Others
have developed biological and microbial fuel cells in paper.*>3* Choi
et al. presented various bio-fuel cells in a paper platform as an al-
ternative power source based on benign fuel alternatives that can
be harvested.>*3¢ Lee and Choi presented an origami paper based
bacterial battery with a power output of 48 nW.?” Other researchers
utilized Li-ion origami-inspired paper batteries for both transient and
rechargeable uses.3$40

Recently, a new concept of single-use capillary flow batteries
was introduced, which can be disposed of by the biotic degradative
process.*! This allows the battery to close its life cycle to nature at
its end-of-life, which complies well with the circular economy and
the concepts of green electronics as the associated waste is minimized
from the device conception. The concept leverages advances in paper-
based fuel cells which enable self-pumping and microfluidic fuel cells
with flow—through porous electrodes which enable high power den-
sities. The battery is made exclusively of environmentally benign,
biotically degradable materials such as cellulose and beeswax. The
electrochemical energy conversion utilizes organic redox reactants
which are stored on the device in solid phase in a dedicated compart-
ment. Upon activation by the dropwise addition of liquid, the stored
reactants and electrolytes dissolve and flow by capillarity through the
pore network of the electrodes where the power is generated.

In this work, various organic redox species are systematically an-
alyzed and evaluated for prospective use in disposable capillary flow
cells. The chemistry requirements for this class of batteries are re-
viewed with regards to their electrochemical characteristics, solubil-
ity, storability and biodegradability, and the results for the evaluation
of redox reactants and electrolytes, suitable for the operation of the
disposable device, are presented. The investigation includes half-cell
assessment of the redox reactants and electrolytes regarding their re-
dox potential and kinetics as well as cell level assessment to measure
their discharge performance. Finally, the identified chemistries are
demonstrated in an integrated capillary flow cell.

Experimental

Sulfuric acid (H,SO4, 95%) from Caledon Laboratories Ltd
(Georgetown, ON, Canada) is diluted to the desired concentrations
(0.5-1 M). Leucoquinizarin (LQ) is purchased from TCI America
(Portland, OR, USA) and used as received. All other species and elec-
trolytes are purchased from Sigma Aldrich (Oakville, ON, Canada),
and used as received, unless otherwise stated.

The redox chemistry screening is based on identifying suitable
redox species and supporting electrolytes that are commercially avail-
able, aided by literature. Solutions are prepared by dissolving each

combination of supporting electrolyte and redox species, consecu-
tively, in deionized water (DI-H,O, Millipore) to the desired con-
centrations. The solubility of the species is assessed in water and/or
desired electrolytes based on literature and on visual absence of solid
precipitation at the desired concentrations. The soluble redox chem-
istry options are then characterized ex-situ using voltammetry tech-
niques to measure the open circuit potential (OCP) and to qualitatively
assess the electrochemical reaction kinetics for the different redox
species and electrolytes. The measurements are performed in a con-
ventional three-electrode electrochemical cell bubbled with nitrogen
to minimize solution oxidation due to dissolved oxygen or ambient
air. Glassy carbon electrode (0.07 cm?), platinum wire electrode and
saturated calomel electrode (SCE) (CH instruments Inc, TX, USA) are
used as working electrode, counter electrode and reference electrode,
respectively, and the cell is operated by a frequency response analysis
compatible potentiostat (Gamry, Reference 3000). Prior to scanning,
the OCP of each half-cell is measured at zero applied current. Cyclic
voltammetry (CV) is then recorded at a scan rate (w) of 50 mV/s
followed by linear sweep voltammetry (LSV) measurements in the
voltage sweep direction of the respective discharge reaction of inter-
est at various scan rates of 5, 10, 25, 50 and 100 mV/s. The cell ohmic
resistance is measured by means of electrochemical impedance spec-
troscopy (EIS) performed using the same potentiostat from 1 MHz
to 1 Hz with an AC amplitude of 10 mV rms at the OCP, by read-
ing the high frequency real axis intercept value of the Nyquist plot.
The resistance value obtained is used to perform post-measurement
IR-compensation of the measured voltammograms.

Next, the discharge performance of the selected redox chemistries
is measured in-situ in a microfluidic co-laminar flow cell.”* A mi-
crofluidic cell design with flow through porous electrodes® is used as
an analytical platform for the in-situ discharge performance analysis,
as shown in Fig. la. The cell design was previously used in other
analytical studies and shown to enable high discharge performance
and minimal cross over losses.*? The device is fabricated by UV soft
lithography of polydimethylsiloxane (PDMS) (Dow Corning) from
an SU-8 (Microchem) photoresist master with 150 pm height then
bonded to a glass slide. Rectangular strips of carbon paper (TGPH-
060, Toray), with 1 mm width, are heat treated and placed to form
both cell electrodes. Further details about the device design and fab-
rication can be found elsewhere.*> The pre-mixed solutions of redox
reactants and supporting electrolytes are prepared at required concen-
trations and pumped into the cell by means of a dual syringe pump
(Harvard apparatus) at a flow rate of 10 or 100 wL/min. This flow rate
is chosen in order to minimize influences from mass transport losses
on the cell performance, as demonstrated in other works utilizing
the same analytical cell.*> The measurements are performed by the
same potentiostat in potentiodynamic mode at a scan rate that is slow
enough to match steady state measurements (10 mV/s) from OCP to
0.1 V. The performance is normalized to the active cross sectional area
normal to the flow (0.5 x 0.015 cm?). The cell ohmic resistance is
measured by EIS performed at OCP using the same potentiostat and
same frequency range as in the ex-situ measurements.

Finally, the identified suitable redox species and supporting elec-
trolytes are tested in a disposable capillary flow cell featuring the same
design as the biodegradable battery recently reported,*' wherein the
reactant and electrolyte species are stored on the device in solid form,
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Table I. Structure, standard potential and theoretical capacity of basic quinone compounds.

Quinone 1,4-Benzoquinone 1,2-Benzoquinone 1,4-Naphtoquinone 9,10-Anthraquinone
(CAS no.) (106-51-4) (583-63-1) (130-15-4) (84-65-1)

0, 9 0
Q o (0 ese

| S

Abbreviation pBQ oBQ NQ AQ
Standard potential (vs. SHE) 0.69 V 0.78 V 048V 0.15V
Theoretical capacity (mAh/g) 496 496 339 257

as shown in Fig. 1b and Fig. 1c. In this case, the device enclosure is
made of PET-based pressure sensitive adhesives (PSA) (Adhesives
Research, Glen Rock, PA, USA) and poly (methyl methacrylate)
(PMMA) layers, for rapid prototyping using CO, laser microma-
chining (Mini 24, Epilog Laser, Golden, CO, USA). Cellulose paper
(Ahlstrom, Helsinki, Finland) is laser cut and used for absorbent pads
to provide the capillary flow. Porous carbon paper strips (TGPH-120,
Toray) are heat treated and used as electrodes with an active area of
0.25 cm?. Further details about the device fabrication and structure
can be found elsewhere.*! The device is activated by adding 1 mL of
DI-H,0 and the OCP is monitored for 1 hour. During this measure-
ment period, a cell polarization curve is measured and recorded every
5 minutes in potentiodynamic mode from OCP to zero volts.

Reactant Chemistry Requirements and Selection

A disposable capillary flow battery resembles a redox flow battery
albeit of a primary battery type designed for single-use discharge op-
eration. This new class of batteries features unique requirements for
the redox chemistries used in the positive and negative half-cells. The
opportunity enabled by the capillary flow cell design is to achieve a
fully biodegradable device with high performance and stability. The
active redox species used as reactants are therefore required to ex-
ist in the solid phase at ambient conditions, for instance in powder
form, to enable ‘dormant’ storage on the cell with useful shelf life.
They should moreover be soluble in water or other desired electrolytes
such that they dissolve upon liquid activation of the device and are
carried into the flow-through porous electrodes for the electrochem-
ical energy conversion. They are also required to be biodegradable
and thus preferably organic. The species should also be stored on the
cell in the correct redox state required for discharge operation with net
current generation at an adequate cell voltage. Furthermore, their elec-
trochemical reactions should be compatible with catalyst-free carbon
electrodes with fast kinetics.

The use of organic active redox species is an emerging alterna-
tive for redox flow battery development**~*¢ and has recently captured
the interest of the energy storage research community.*’~>° Huskinson
et al. introduced a novel flow battery system for energy storage, in
which they coupled a quinone redox species with a bromine posi-
tive half-cell. Their metal-free cell showed high power density during
discharge and high cycling efficiency.*’ Yang et al. substituted the
toxic bromine with another, high-reduction potential quinone, to cre-
ate an ecofriendly, water-based all-quinone system and named it the
organic redox battery (ORBAT).*® Quinones are inexpensive and can
be extracted from natural organic compounds present in plants, which
makes them eco-friendly. Moreover, quinone redox species generally
have rapid kinetics on catalyst-free carbon electrodes.

Quinone compounds can generally be defined as a class of cyclic
organic compounds that contain two carbonyl groups (C = O). This
class includes for example benzoquinones, naphthoquinones and an-
thraquinones, as the basic forms shown in Table I. By the addition
of more rings to the structure, the aqueous solubility and standard
reduction potential are expected to decrease,’’ as shown in Table L.
Therefore, benzoquinones (BQ) will have the highest solubility and
highest standard potential while anthraquinones (AQ) will have the

least solubility and the lowest standard potential. Alternatively, naph-
toquinones (NQ) are expected to have moderate solubility and stan-
dard reduction potential between BQ and AQ and may therefore also
be considered. These quinone compounds can moreover be tuned for
their standard reduction potentials as well as their solubility by adding
different functional groups to the structure.’®>? When quinones are re-
duced reversibly to their respective hydroquinones, the two carbonyl
groups change to two hydroxyl groups (C—OH). Their electrochem-
ical reactions involve two electrons in either acidic*’*® or alkaline
conditions,** as shown in Eqs. 1-2, respectively.

Acidic conditions: Q,+2eé+2H' & H,Q, [1]

Or+22s 0y [2]

In addition, quinones have high probability of fast biodegradation
as predicted by the biodegradation models (BIOWIN) in EPISuite
and other works.>*>* The quinone species are therefore considered to
satisfy the majority of the disposable battery criteria. A preliminary
discharge experiment in a microfluidic cell is therefore conducted to
establish a proof-of-concept for the all-quinone chemistry. The reac-
tants in this example are adopted from the ORBAT* and includes
using sodium salts of anthraquinone-2-sulfonic acid (AQS, Fig. 2a)
and 1,2-dihydroxybenzene 3,5-disulfonic acid (H,BQDS, Fig. 2b) as
negative and positive half-cells, respectively, in 1 M sulfuric acid
(H,SO,4). While H,BQDS has relatively high solubility due to the
hydroxyl (—OH) and sulfonic acid (—SO3 ™) groups, the solubility of
the sodium salt of AQS is merely ~0.05 M. Therefore, solutions of
H,BQDS and AQS are prepared and tested at a concentration of 0.05
M in 1 M H,S0O;. In order to perform in-situ battery discharge perfor-
mance measurements, the solutions are first electrolytically charged
to the forms required for discharge in a separate, custom made flow
cell at 1.0 V applied voltage. After charging, the AQS is reduced into

Alkaline conditions:

o] o
0=$=0
” Bov
0 wd™
AQS H,BQDS
(CAS no. 131-08-8) (CAS no. 149-45-1)
(a) (b)
>y OH OH
0=S=0
H O
H OH OH
H,BQS LQ

(CAS no. 21799-87-1) (CAS no. 476-60-8)

(CAS no. 50-81-7)
(c) (d) (e)

Figure 2. Structures of quinones used in ORBAT*® (a, b) and this work
(c,d,e).
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Figure 3. Discharge results in a microfluidic co-laminar flow cell for the all-
quinone battery chemistry with H,BQDS and AQS based on ORBAT compared
with discharge data at 95% SOC from literature.*$

H,AQS and the H,BQDS is oxidized into BQDS, both of which are
suitable for discharge experiments in the microfluidic cell. This is con-
firmed by the change of color from light yellow to dark green in the
case of AQS/H,AQS and from a colorless solution to light brown in
case of H,BQDS/BQDS, which is consistent with literature.>> The
results of the discharge experiments in the microfluidic cell operated
at flow rates of 10 and 100 wL/min are shown in Fig. 3. The cell is
found to have an OCP of 0.59 V and a peak power density of 3.9
mW/cm? at 10 wL/min, which is in good agreement when compared
with a linear approximation of the discharge data reported for the
ORBAT at 95% state-of-charge (SOC).*® At the high flow rate of 100
wL/min, the cell output is increased to 7.2 mW/cm? because of the
enhanced mass transport at higher flow rates.

The limited solubility of AQS can be improved by applying a
sodium ion exchange step, and thus higher associated discharge perfor-
mance outputs can be anticipated, as shown in other works.>” Nonethe-
less, the commercially available forms of these quinone compounds
are generally in a redox state that cannot be directly used for discharge,
as an initial charging step would be required. To elaborate this chal-
lenge on the demonstrated example above, the high potential quinone
intended for the positive half-cell is available commercially in its re-
duced form (e.g., Tiron or H,BQDS) while the low potential quinone
intended for the negative half-cell is available in the oxidized form
(AQS). In order to store the species on the disposable cell in a redox
state ready for discharge, the positive half-cell requires a high poten-
tial species in an oxidized/quinone form ( = O), while the negative
half-cell requires a low potential species in a reduced/hydroquinone
form (—OH).

In order to overcome the challenge of the desired redox state of
the quinone compounds for direct use in discharge operation, the
pH dependence of the standard redox potential of quinones can be
leveraged in the present application.’® This is facilitated by mixed-
media operating conditions in which an alkaline negative electrode
and an acidic positive electrode are employed. This enables higher
electrochemical cell voltages during discharge operation and hence
the available reduced quinones (—OH) can be used under alkaline
conditions at the negative electrode for direct discharge operation. This
mixed-media feature is uniquely enabled by membrane-less cells such
as the microfluidic co-laminar flow cells where the diffusion interface
is used to separate the reactant streams instead of a physical barrier
such as ion exchange membranes which dictate the choice of the
reactant media. For the present application, the mixed-media condition
not only enables higher cell voltage but also enables utilization of
a wider range of commercially available species and electrolytes.
Furthermore, mixed-media operation offers an opportunity for the
acidic and alkaline electrolytes to neutralize downstream by means
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of diffusive mixing to form neutral or near neutral pH conditions
that allow safe disposal, which is an essential requirement for the
disposable cell.

A subset of potential organic redox species are identified to theo-
retically meet all the aforementioned selection criteria of storability,
solubility, biodegradability, correct redox state, adequate redox po-
tential and good kinetics. For the oxidized quinone to be used in the
positive electrode, para-benzoquinone (pBQ), shown earlier in Table
I is identified and selected. pBQ is the most basic form of quinone
compounds and is therefore soluble in aqueous media and readily
biodegradable. pBQ is also commercially available in solid form in its
oxidized state which enables direct use for electrochemical reduction
in the positive half-cell of the battery. The choice of pBQ is favored
over other oxidized quinones such as NQ and AQ (Table I) since
both NQ and AQ have lower solubility and standard reduction po-
tential and are thus considered inadequate for the current application.
While the ortho-benzoquinone (0BQ) has higher reduction potential
than pBQ, it is not found commercially available in the oxidized
form and only the reduced form (Catechol) is available. On the other
hand, for the reduced hydroquinones to be used at the negative elec-
trode, hydroquinone sulfonic acid (H,BQS, Fig. 2c¢), is an example
identified as a potential benzoquinone available in the reduced form.
Beside benzoquinones, anthraquinones are known to have relatively
low standard potential and are thus considered suitable for use in
the negative electrode of the current approach, by facilitating a suffi-
ciently negative electrode potential when used in alkaline media for
a targeted cell potential on the order of ~1 V. The reduced forms
of anthraquinones available commercially are limited however, and
the most suitable option for the negative half-cell is deemed to be
1,4,9,10-Tetrahydroxyanthracene or leucoquinizarin (LQ, Fig. 2d). In
addition to the quinone based species, organic acids with anti-oxidant
characteristics can also be considered as biodegradable options for
the negative half-cell. For example, ascorbic acid (AA, Fig. 2e), also
known as vitamin C, is deemed to be a theoretically viable candidate
for the negative half-cell as it is a soluble phytochemical and com-
monly used antioxidant with a suitably negative standard potential for
oxidation.

Results and Discussion

The reactant chemistry options that passed the preliminary screen-
ing described in the previous section are experimentally assessed for
prospective use in disposable capillary flow batteries according to the
aforementioned criteria. The solubility of the species is first assessed
in water and/or desired electrolytes. The species are then evaluated
ex-situ by measuring their half-cell open circuit potentials (OCPs) and
electrochemical kinetics by using cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) techniques. Next, the discharge perfor-
mance is measured in-situ in a microfluidic co-laminar flow cell with
flow-through porous carbon electrodes, aiming for a power density
output in the range of tens of mW/cm?. The most promising reactant
chemistries are finally demonstrated in a capillary flow cell device.

Ex-situ assessment of viable half-cells.—For the positive half-
cell, para-Benzoquinone (pBQ) is first selected for evaluation. It un-
dergoes a two electron, two proton transfer in acidic media, following
Eq. 1, with a standard reduction potential of 0.69 V vs. SHE.® Here,
pBQ is found to have an aqueous solubility limit of 0.1 M at room
temperature and is thus dissolved to this saturation concentration in
1 M sulfuric acid (H,SO4) as a benchmark acidic supporting elec-
trolyte. The measured half-cell OCP equals 0.52 V vs. SCE, which is in
reasonable agreement with the standard potential given the more acidic
condition and fully oxidized form used here. The IR-compensated
CV of 0.1 M pBQ is shown in Fig. 4a at a scan rate of 50 mV/s.
The figure shows a peak current density ratio (ip/ipc) close to unity
but with a relatively wide peak separation (E,, — E,) of 445 mV,
which is much greater than the 59 mV per electron expected for a
reversible process. While quinones are generally known to be elec-
trochemically reversible in aqueous media, this behavior of pBQ is in
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agreement with literature studies where the peak separation is ob-
served to increase in buffered media, indicating an overall process with
relatively slow kinetics.’®%%! IR-compensated LS Vs are shown in Fig.
Sa at various scan rates for the respective electrochemical reduction
of pBQ of concern to this study. The cathodic peak current densities
(ipc) are shown to have approximately linear proportionality with the
square root of the scan rate (w’>), as shown in the figure inset, indicat-
ing a process that is diffusion controlled. The i, values in this case are
higher than for the CV data (Fig. 4a) due to the decrease in cathodic
current after each cycle in the CV as it approaches a steady result. The
figure also shows that the cathodic peak potential (E.) varies slightly
with the scan rate and that the difference between cathodic peak po-
tential and potential at half peak current (|E,. — E,2|) decreases with
reduced scan rate, which confirm a quasi-reversible process. Over-
all, pBQ shows good kinetics on the carbon electrode and is deemed
an adequate reactant species for the positive half-cell of the present
application.

For the negative half-cell, H,BQS; a hydroquinone, AA; a com-
monly used antioxidant compound present in nature and LQ; a re-
duced anthraquinone are identified for potential use, as they exist in
the reduced redox state, and are thus evaluated in 1 M potassium
hydroxide (KOH) to establish the desired alkaline conditions for this
electrode. The electrochemical reaction for the quinones (H,BQS and
LQ) involves transfer of two electrons after deprotonation in alkaline
conditions,* following Eq. 2. For the AA case, the electrochemical
reaction in highly alkaline media also follows Eq. 2 and involves a
two electron oxidation of ascorbate,’>% since deprotonation of the
acid occurs by reaction with KOH. The solubility in aqueous media
is found to be much higher for H,BQS and AA than for the pBQ
previously assessed for the positive half-cell. H,BQS is soluble up
to 0.7 M while AA is soluble up to 1.9 M in water. However, LQ
is found to be poorly soluble in water and to have a hydrophobic
behavior, which may impose a limitation for the present application.
The solubility limit for the three compounds is expected to be partic-
ularly high in KOH solution due to the deprotonation that provides
solubility and higher electron donation capabilities.** The three com-
pounds are however further evaluated at a concentration of only 0.1
M in 1 M KOH in order to match the concentration of the corre-
sponding pBQ in the other half-cell and thereby balance the overall
cell chemistry. Next, the three redox species are characterized ex-situ
using the voltammetry techniques, while nitrogen is bubbled into the
cell to minimize solution partial oxidation®® by dissolved oxygen or
ambient air and enhance stability. Before the potential sweep, the
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half-cell OCPs are measured to be —0.47 V, —0.53 V and —0.80 V
vs. SCE for the H,BQS, AA and LQ, respectively, which suggests a
prospective full cell potential window of > 1.0 V when paired with
pBQ. IR-compensated CVs for the three redox species are shown in
Fig. 4b at a scan rate of 50 mV/s. The LQ active species shows a
reversible electrochemical process, which was also observed in other
works for anthraquinone compounds in alkaline media.*>** The CV
shows a peak current density ratio (ip./ip.) of around 1.15 and a peak
separation (Ey, — E,c) of 159 mV. Nevertheless, the LQ is found to be
rather unstable and its oxidized form has limited solubility in KOH
causing visually observed precipitation which challenges its prospec-
tive use in capillary flow cells due to possible clogging of the porous
media. Recalling that the active species and supporting electrolytes
are intended to be stored in solid form and simultaneously dissolve
in water, the LQ is hence deemed unsuitable because of its aque-
ous solubility limitations and is excluded from operation of the final
device.

In contrast to the LQ case, the reverse (cathodic) peak is absent
in both cases of AA and H,BQS. The absence of the reverse peak is
likely attributed to the instability of the electro-oxidation produced
species in alkaline conditions, as also observed in other works.5!:64-66
Post CV, the half-cell OCP for both species drops below —0.6 V vs.
SCE, which suggests the formation and presence of a new species in
the solution. Despite these indications that both H,BQS and AA may
not be reversible under alkaline conditions and hence unsuitable for a
conventional flow battery application in alkaline conditions, both are
still deemed adequate for the primary battery approach presented in
this work, since only the electro-oxidation portion of the cycle is of
interest. Despite the more positive half-cell OCP of H,BQS compared
to AA which results in a slightly lower cell voltage, the CV results
also show that H,BQS has a higher peak current density than AA
which may reflect higher species diffusivity and faster kinetics.

For the anodic (oxidation) peak of interest to the primary battery
approach, IR-compensated LSVs for 0.1 M redox active species (AA
and H,BQS) in 1 M KOH are shown in Fig. 5b, at a scan rate of 50
mV/s. Both species exhibit an anodic peak potential (Ey,) that varies
slightly with the scan rate. Similar to the CV results, the electro-
oxidation of H,BQS has a higher anodic peak current density (i)
compared to AA, which indicates a higher diffusion rate and faster
kinetics. The difference in kinetics of the electro-oxidation can also
be observed from the difference of the peak potential and the potential
at half peak current density (Ep, — Ejq2) in each case. For example, at
50 mV/s, this difference equals 193 and 252 mV for H,BQS and AA,
respectively, indicating that H,BQS has faster kinetics. The anodic
peak current densities (i,,) are shown to be approximately proportional
to the square root of the scan rate (inset of Fig. 5b), wherein H,BQS has
a higher slope than AA, again reflecting the higher diffusion and faster
kinetics. It is thus concluded that both AA and H,BQS are suitable for
the final device application, with AA having a more negative half-cell
OCP advantage and H,BQS having a higher diffusion rate and faster
kinetics.

Ex-situ assessment of compatible supporting electrolytes.—In or-
der to satisfy the functional requirements of disposable capillary flow
cells, both active species and supporting electrolytes need to be stored
in the solid phase onboard the device, for instance in powder form, and
then activated by addition of liquid when used for battery discharge.
The active redox species selected in the previous section achieve these
requirements in full. For the supporting electrolytes, the KOH used
as a supporting electrolyte at the negative electrode exists in solid
form and thus can also be stored and dissolved on the final device to
fulfill the requirements. However, while H,SO,4 shows high perfor-
mance when initially used as a benchmark supporting electrolyte at
the positive electrode, it cannot be dried or stored in the solid phase
on the final device. Therefore, it needs to be replaced with a suitable
supporting electrolyte that is available in solid phase and soluble in
aqueous media. Various organic or inorganic acids or salts could be
considered for this purpose; however, the resulting supporting elec-
trolyte must also be stable with inert chemical and electrochemical
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Figure 6. IR-compensated linear sweep voltammograms representing the
electrochemical reduction of a) 0.1 M pBQ in 1 M OA and 1 M CA at 50
mV/s with a background CV presenting inert activity for blank supporting
electrolytes and b) 0.1 M pBQ in 1 M OA at various scan rates with an inset
showing the cathodic peak current density (ipc) versus the square root of the

scan rates (w?).

activity, acidic at low pH in order to maintain the mixed-media benefits
and have high ionic conductivity in order to retain the good discharge
performance. For example, oxalic acid (OA) is identified as a strong
organic acid with low measured pH and aqueous solubility up to 1
M. Moreover, citric acid (CA) is also identified as another organic
acid with a much higher solubility limit. Both OA and CA are phyto-
chemicals that are present in nature and are both predicted to have fast
biodegradation probability by EPISuite from the US Environmental
Protection Agency.** At a concentration of 1 M, the pH is measured
to be in the range of 0.5-1 and 1.5-2 for OA and CA, respectively (pH
test paper, Fisher Scientific, ON, Canada). The OCP of 0.1 M pBQ in
1 M OA and in 1 M CA is measured to equal 0.47 and 0.42 vs. SCE,
respectively. The relatively low (less positive) half-cell OCP in case of
CA supporting electrolyte is likely attributed to the higher pH which
results in lower Nernstian potential due to the pH dependence of pBQ
standard potential. Moreover, impedance measurements indicate that
CA has an order of magnitude higher solution resistance, presumably
due to lower dissociation of the acid. The IR-compensated LSVs mea-
sured for both cases are shown in Fig. 6a, at a scan rate of 50 mV/s.
The data show a lower cathodic peak current density (i,) for pBQ
reduction in CA supporting electrolyte compared to the correspond-
ing result for OA, which is consistent with the previous results and
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Figure 7. Polarization results of in-situ measurements in a microfluidic co-
laminar flow cell operated on 0.1 pBQ in 1 M HSOy at the positive electrode
and 0.1 M AA, H,BQS and LQ in 1 M KOH at the negative electrode.

likely due to the lower availability of protons for the pBQ reduction.®
Blank supporting electrolyte CVs at 50 mV/s are also shown in the
background of Fig. 6a, wherein the electro-oxidation of electrolyte
species is not expected to occur in the potential range of interest at
the catalyst-free electrode materials and conditions of this study,®’
which confirms the inert activity of both CA and OA as supporting
electrolytes. Nevertheless, despite the much higher solubility of the
CA supporting electrolyte than OA, the latter option is likely preferred
due to the more positive potential, faster kinetics and higher ionic con-
ductivity, which are likely to positively impact the cell performance.
IR-compensated LSVs for the 1 M OA supporting electrolyte case are
shown in Fig. 6b, again representing the electrochemical reduction of
0.1 M pBQ at various scan rates. The results suggest quasi-reversible
kinetics in this case, considering the variation of the cathodic peak
potential (Ep.) and increase of |Ej. — Epc2| with increased scan rates.
The linearity of the peak cathodic current density (i) with the square
root of the scan rates (w®>) is also shown in the same figure inset.
The result suggests similar reduction kinetics for the OA case when
compared to the H,SO, benchmark electrolyte case. For example,
at 50 mV/s, the cathodic peak current densities i,. equal —24.5 and
—25.8 mA/cm?, while the measured |[Epe — Eperz| values equal 103
and 83.6 mV, for the OA and H,SO, cases, respectively. However,
the OA cell resistance is found to be higher than the H,SO, case due
to the lower ionic conductivity®® which may hence suggest a reduced
in-situ discharge performance.

In-situ  microfluidic  co-laminar flow cell discharge
performance.—Next, the in-situ discharge performance is measured,
using the resulting positive and negative half-cells together in mixed
media operation inside the microfluidic cell with flow-through porous
electrodes. A solution of 0.1 M pBQ in 1 M H,SOj is initially used
at the positive electrode of the cell and measured against the three
negative half-cell options of 0.1 M H,BQS, AA and LQ in 1 M
KOH at the negative electrode. The polarization curves and power
density curves for the three cases are shown in Fig. 7, at the flow
rate of 100 wL/min. The AA at the negative electrode shows a cell
OCP of 0.92 V whereas for H,BQS, the OCP equals 0.78 V. The EIS
measurements show similar cell resistance values around 90 2 for
both cases, a value which is dominated by the ionic resistance of the
electrolytes. This is also reflected by the similar slopes in the ohmic
region of the polarization curves. The cell achieved peak power
densities of 90 and 65 mW/cm? for AA and H,BQS, respectively,
which meets and exceeds the present application requirements in
both cases. In addition, the result when using LQ is also shown on
the same figure wherein the cell achieved a higher OCP of 1.24 V,
which to the authors’ knowledge represents the highest all-quinone

Journal of The Electrochemical Society, 164 (12) A2448-A2456 (2017)

B —e— OA
- SRS ——cCcA ]
e N —me- H,80, 4 80 &~
P4 \ ’ g
= 4 \, 1 =
e =/ N ., 60 E
3 N Y | £
= ‘m @
3 of - =
£ Beos N <40 2
" LS ~ 9
% . 1 &
e 3
N ey +20 =
h Y Ny
- . L g
0 1 1 1 1 1 1 1 1 1 0
0 100 200 300 400 500

Current Density (mA/cm?)

Figure 8. Polarization and power density discharge curves in a microfluidic
co-laminar flow cell using 0.1 M AA in 1 M KOH at the negative electrode
and 0.1 M pBQ in 1 M H2SOy4, OA and CA at the positive electrode.

aqueous electrochemical cell potential reported to date. Although a
higher power density of 120 mW/cm? is measured for the LQ case,
higher mass transport limitations are also observed, despite the low
reactant utilization at these flow rates. This further confirms the
limited stability of LQ and the limited solubility of its oxidation
product, as previously indicated in the ex-situ analysis section, which
results in potential electrode clogging and limits the prospective use
of LQ in the present application. In general, the performance obtained
in the microfluidic cell with dilute concentrations of active organic
redox species on metal-free electrodes is remarkable. The peak
power density achieved is comparable to that of previously reported
cell designs based on concentrated liquid organic fuels and precious
metal catalysts'>'* and is several orders of magnitude higher than
other environmentally friendly approaches based on biofuel cells.'®3

Then, the effect of the supporting electrolytes on the full cell dis-
charge performance is assessed in-situ in the microfluidic co-laminar
flow cell, and compared to the H,SO, benchmark case. Fig. 8 presents
the polarization curves and power density curves for 0.1 M pBQ in
1 M of the supporting electrolytes of OA and CA coupled with 0.1
M AA in 1 M KOH at the negative electrode. The AA case is cho-
sen here as it showed higher performance than H,BQS (Fig. 7). The
discharge performance for the H,SO, benchmark case is also shown
in the same figure for comparison. It is shown that the peak power
density with CA is 10 mW/cm?, which is merely 11% of the dis-
charge power density obtained with H,SO,4 and further confirms the
performance trade-offs of CA observed in the ex-situ study. The cell
OCP for the OA case is slightly lower than the benchmark case with
H,S0y, which is explained by the lower acidity (higher pKa) of OA
and higher pH than H,SO,. More importantly, however, a peak power
density of 42 mW/cm? is obtained with OA as supporting electrolyte,
which is considered to meet the cell performance requirement of the
target portable applications. The combined ohmic cell resistances are
measured by means of EIS and are found to be 90, 170 and 1200
Q for the cases of H,SO,4, OA and CA, respectively, which explains
the much stronger performance in case of OA than that of CA. The
result also suggests an ohmic limited cell performance which explains
the trade-off of using OA supporting electrolyte when compared to
H,S0O,. While OA allows the possibility of solid phase storage on
the final device, it has relatively low ionic conductivity compared to
H,S0,,% which results in increased ohmic cell resistance from 90 to
170 2 and the consequent reduction in peak power density from 90
to 42 mW/cm?.

Demonstration in a capillary flow cell—Finally, the proposed
redox chemistries are integrated and tested in a disposable cell de-
sign in which the flow is solely provided by capillarity and all redox



Journal of The Electrochemical Society, 164 (12) A2448-A2456 (2017)

(@)
14| 2000~ —o_ - '2
Alzéi'/:@*»(_] &\e\ﬁ\w -15§
> I -5—0—-0—-0——9——0——0—-0——0:— - 1
5 eee : Sebenengndtl P
0.8 [Fevo—o - — ] é
o06'— <~ I
0.4 PO ISR M TR R S M T R | -0
1020 30 40 50 60
() Time (minutes)
1.2 ’
: e® %y —e— HBQS |
l% — - AA (E
\& 16 =2
20.8 % 7 2
— \ z
= k ”
£06 o g
R b 1 S
& 04 \ ;
n ¢ 42 2
02 ey ] R
e R
. LN 0
0 5 10 15 20 25 30 35

Current density (mA/cm?)

Figure 9. Discharge results for a disposable capillary flow cell device using
the selected biodegradable reactant chemistries: a) open circuit potential and
maximum power output measured over the range of one hour; and b) normal-
ized cell polarization and power density curves measured at the time of peak
power output.

species and supporting electrolytes are stored in the solid phase within
the device. The concentration of OA is adjusted to 0.5 M in order to
match the downstream neutralization requirement of the supporting
electrolytes, since OA is a diprotic acid that can donate two protons
per molecule. Therefore, | M KOH and 0.5 M OA can neutralize into
neutral or near neutral conditions downstream after operation, and
allow safe disposal. In this case, the cell contains 5.4 mg of pBQ and
22.5 mg of OA in the positive electrode compartment and 28 mg of
KOH and either 11.4 mg of H,BQS or 8.8 mg of AA in the negative
electrode compartment. These masses are chosen to match the mo-
lar concentrations of active species and supporting electrolytes used
in the previous section, for a total 1 mL of liquid (0.5 mL for each
electrode), and are balanced for both downstream neutralization and
the overall electrochemical reaction stoichiometry. Upon activation
by the addition of 1 mL of DI-H,0, the OCP of the cell is moni-
tored for one hour as shown in Fig. 9a. It is shown that in the two
cases of AA and H,BQS, the capillary flow cell can hold the open
circuit cell voltages of 1.1 V and 0.8 V respectively for more than
one hour. This represents the functional time window of the device
during which power can be generated and demonstrates that mixing
of the two half-cell reactants progresses at a very slow pace despite
their entry into a common absorbent pad. The initial progressive rise
in the measured cell OCP curves is likely due to the transient nature
of the device operation wherein the concentrations are not controlled
and are based on the rates of species dissolution from the solid phase.
Similarly, the slow decay in OCP after this initial period indicates
the rate of reactant mixing in the device. The operational time of the
battery is however expected to be reduced if the cell is continuously
connected to an external load and will generate current until the redox
species are fully discharged. Cell polarization curves are also mea-
sured at different instants during the functional time of the device.
The maximum power output measured at different instants during the
polarization curve measurements is shown in Fig. 9a, where it is seen
that the cell with AA in the negative half-cell can provide a maxi-
mum power output of 1.9 mW (7.6 mW/cm?) compared to 1.1 mW
for the H,BQS case. The full polarization and power density curves
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after 20 minutes of water activation, corresponding to the instant of
maximum power, are given in Fig. 9b for both H,BQS and AA cases.
At the low current density range (< 4 mA/cm?), the AA case shows
higher activation over-potential when compared to the H,BQS case,
which confirms the slower kinetics in agreement with the findings in
the previous sections. Despite this limitation, the cell with AA anode
considerably outperforms the respective cell with H,BQS anode at
medium to high discharge current densities, reaching its peak power
density of 7.6 mW/cm? at a current density of 18 mA/cm? (4.5 mA)
compared to 4.4 mW/cm? at 12 mA/cm? (3 mA) for the latter case,
which reflects the previous findings with the microfluidic cell. This
discharge performance is considered sufficient to run a small measur-
ing device or enable a wide range of other electronic components such
as microprocessors, communication modules or displays.

While the data obtained with the microfluidic analytical cell show
potential for higher power density outputs, the lower performance
level obtained with the capillary flow cell can be attributed to the vari-
ation in the operating flow rates, internal cell resistance and the tran-
sient nature of reactant dissolution and transport. The present capillary
flow cell prototype has not yet been optimized and further improve-
ments are possible for the design and fluidics of the absorbent pads.
Nonetheless, it is important to stress that a practical performance level
has been achieved, meeting the requirements of single-use disposable
applications. The results of this study thus provide the departing point
for a new generation of biodegradable and sustainable power sources
that minimize waste from conception and design. While the present
work focuses on suitable organic species available off-the-shelf, the
battery concept is not restricted to the use of these species. For exam-
ple, many other suitable quinone species are commercially available
and many more are under development by various groups. Custom
species with tailored characteristics of solubility, redox state, redox
potential and rate of dissolution can be synthesized by functionalizing
quinone compounds.>? This approach can enable higher cell voltages,
power outputs and energy densities. While the present work demon-
strated the use of oxalic acid and citric acid as organic supporting
electrolytes, other inorganic acids may also be utilized such as phos-
phoric acid which exists as a solid powder in its pure form. This makes
it suitable for storage and would ultimately form benign phosphate
salts after device neutralization which are used as food additives or
fertilizers. The present work also demonstrated the use of other or-
ganic redox compounds such as ascorbic acid. Various inorganic salts
could also be used for this concept, which may enable high solubility
as well as other environmental benefits. For example, Fe** is abun-
dant and has a standard potential slightly higher than the pBQ used in
this work (0.77 V vs. SHE)® and a relatively high aqueous solubil-
ity. Therefore, ferric salts of nitrates, sulfates or phosphates, that are
known to enrich soils, may lead to a battery that could even add value
to the soil or water in which it is disposed of.

Conclusions

This study reviewed the general requirements regarding solubility,
biodegradability, storability in correct redox state, redox potential and
kinetics of the reactant chemistries for biodegradable capillary flow
batteries for single-use disposable applications. Mixed-media opera-
tion suitable for membrane-less cells was leveraged to allow direct
use of commercially available organic compounds such as quinones
by using an alkaline negative half-cell and an acidic positive half-cell
with the added benefit of downstream neutralization for safe disposal.
Prospective redox chemistries for each half-cell were systematically
assessed by ex-situ measurements of solubility, redox potential and ki-
netics and in-situ discharge performance in a microfluidic co-laminar
flow cell with flow through porous electrodes. An all-quinone cell
comprising of LQ and pBQ for the negative and positive half-cells,
respectively was shown to have a high open circuit potential of 1.24
V but was deemed unsuitable for disposable cells due to stability is-
sues. The overall most effective chemistry identified for disposable
cells was based on either ascorbic acid or H,BQS in KOH and pBQ
in oxalic acid at the negative and positive electrodes, respectively.
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The coupling of these two half-cells in a microfluidic cell resulted in
an open circuit cell voltage of 0.92 V and a peak power density of
42 mW/cm?. Finally, the selected half-cell chemistries were demon-
strated in a disposable capillary flow cell with all redox reactant and
supporting electrolyte species stored in the solid phase on the device
and dissolved upon water activation. The cell was shown to maintain
high open circuit voltage for more than 1 hour and to achieve more
than 2 mW peak power output at 4.5 mA which would be sufficient to
power a wide variety of portable electronic components such as small
signal processors, communication modules or displays. The results
provide the departing point for a new generation of biodegradable and
sustainable primary batteries that minimize waste from conception
and design.
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