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ABSTRACT: Paper batteries are self-pumping emerging tools for powering portable analytical systems. These disposable
energy converters must be low-cost and must achieve enough energy to power electronic devices. The drawback is to reach
high energy keeping the low cost. Here, for the first time, we report a paper-based microfluidic fuel cell (PuFC) equipped
with Pt/C on carbon paper (CP) anode and a metal-free CP cathode fed by biomass-derived fuels to deliver high power. The
cells were engineered in mixed media configuration, where methanol, ethanol, ethylene glycol, or glycerol is electro-oxi-
dized in an alkaline medium while Na,S,Os is reduced in an acidic medium. This strategy allows for optimizing each half-
cell reaction independently. The colaminar channel of the cellulose paper was chemically investigated by mapping the
composition, which reveals a majority of elements from the catholyte and anolyte on each respective side, and a mixture of
both at the interface, assuring the existing colaminar system. Moreover, the colaminar flow was investigated by investigat-
ing the flow rate considering recorded videos for the first time. All PUFC shows 150-200 s to build the stable colaminar flow,
which matches the time to reach a stable open circuit voltage. The flow rate is similar for different concentrations of meth-
anol and ethanol, but it decreases with the increase in ethylene glycol and glycerol concentrations, suggesting longer resi-
dence time for the reactants. The cells perform differently for the different concentrations, and their limiting power densi-
ties are composed of a balance among anode poisoning, residence time, and viscosity of the liquids. The sustainable PuFCs
can be interchangeably fed by the four biomass-derived fuels to deliver ~2.2-3.9 mW cm. This allows choosing the proper
fuel due to their availability. The unprecedented PuFC fed by ethylene glycol delivered 6.76 mW cm, which is the bench-
mark output power for a paper battery fed by alcohol.
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achieved by engineering the microchannel to allow lami-
nar flow at a low Reynold’s number in the micrometer
scale.> The absence of a membrane excludes the ohmic
drop and price intrinsically related to such a component.3
Since there is no membrane, each half-cell reaction can be
independently optimized to its best configuration,* such as
electrooxidation in an alkaline medium and reduction in
an acidic medium, called mixed-media configuration.>

1. Introduction

The impending need to transit towards sustainable and
clean energy has opened new promising research fields re-
garding the development of alternative energy supplies.
Microfluidic fuel cells (uFCs) appear as potential energy
converters to power small devices' and even conventional
electric machines whether properly scaled out.> The work-
ing principles of pFC are similar to those of fuel cells, where

fuel is oxidized at the anode, and an oxidant is reduced at
the cathode while the electrons flow through an external
circuit. The difference is that conventional fuel cells use an
ionic permeable membrane while pFCs use colaminar flow
to allow internal ion transport to close the circuit.3 This is

The mixed-media configuration allied to the use of po-
rous electrodes in flow-through configuration has been
used to boost the output power of pFC fed by biomass-de-
rived alcohols.®** Methanol, ethylene-glycol, ethanol, and
glycerol have been investigated as potential fuels,



theoretically producing 6, 10, 12, and 14 electrons per mol-
ecule completely oxidized, respectively.> Although the
cleavage of the C-C bonds of ethanol, ethylene glycol, and
glycerol makes it difficult to convert it into CO, (CO5* in
alkaline medium) on planar electrodes;"3 the flow-
through configuration increases reactants usage, increas-
ing the efficiency of conversion.>*

The biomass-fed pFCs made of PDMS8*% and 3D-printed?
reached hundreds of mW c¢m™ and may be further scaled
out. These devices require an external pump to conduct the
flow of the liquids through the Tygon tubes, which is an
additional negative contribution in terms of energy for the
miniaturized device. Moreover, building PDMS cells re-
quires well-trained operators and special instrumenta-
tion,’s and although the 3D-printed cell has arisen as an im-
portant alternative for manufacturing,” the understanding
of the laminar flow on the printed pieces is still unknown
and may face challenges in reproducibility. In this context,
paper-based microfluidic fuel cells (PuFCs) may overcome
these drawbacks.

The capillary forces move the flow through the porous of
the cellulose papers. Hence, PuFCs are self-pumping sys-
tems, excluding the need for external forces and additional
energy, accordingly.’® Besides, capillarity is an intrinsic fea-
ture of the paper, making it extremely reproducible.'®"7
Tanveer et al. schematically reviewed the historical devel-
opment and state-of-the-art PuFCs.’® The use of paper to
pump the flow gathers advantages such as low-cost, light-
weight, flexibility, biodegradability, portability, scalability,
and reproducibility.’®*® Thus, building PuFCs fed by bio-
mass-derived fuels seems a good strategy to aggregate
value to these clean and renewable alcohols.

At least to our knowledge, there are few papers regarding
the PuFCs fed by methanol and ethanol,*> and we could
not find PuFCs fed by ethylene glycol or glycerol in the lit-
erature. Ethylene glycol is a widely available alcohol that
can be obtained from sugars via microorganisms. Glycerol
is a 10% byproduct of biodiesel fabrication with a very low
market price and high theoretical energy density.>* Thus it
is worth the effort in investigating these alcohols as fuels.
Regarding the use of methanol, Esquivel et al. developed a
device equipped with PtRu particles on Au/COP anode and
a Pt on carbon paper (CP) cathode placed on a self-pump-
ing paper capable of delivering 1-5 mW cm™.9 Regarding
ethanol usage, Chandra et al. built an ethanol/dichromate
PuFC equipped with molybdenum oxide nanorods as an-
ode and cathode, producing 6.32 mW cm™ of maximum
power density.>° Rao et al. also investigated PpFC fed by
ethanol with different experimental configurations and
catalysts to achieve ~0.072 mW cm™=.2' It is clear that this
research field is promising and unexplored and demands
improvement to fit the requirements for practical applica-
tions.

Therefore, here we built PuFCs fed by exchangeable bio-
mass-derived alcohols. The cells operate with the anodic
reaction in an alkaline medium on the Pt/C on carbon pa-
per (CP) while sodium persulfate in an acidic medium is
reduced on a metal-free CP cathode. Namely, we feed the

PuFCs with different concentrations of methanol, ethylene
glycol, ethanol, and glycerol to find their limit output
power. The concentration of the fuels can be controlled to
produce a similar output power density at around 2-4 mW
cm? considering their concentration. The power density
can be boosted to 6.76 mW cm™ using ethylene glycol,
which is the benchmark for a PuFC fed by alcohol. The
limit power densities are composed of a balance among an-
ode poisoning, capillarity and residence time, and viscosity
of the liquids.

2. Experimental
2.1. Half-cell reactions and materials characterization

Before building the PuFC, each reaction was studied in
half-cell measurements. Strips of carbon paper Toray®
TGP-060 were left in 2 mL plastic containers filled with 10
mg of 5 nm Pt/C (60%, E-TEK®) dispersed in goo pL water
+ 900 pL methanol + 200 pL Nafion® 5%, which is the cat-
alytic ink to prepare the anode. Then, the pieces were dried
in an oven at 8o °C for 4 h. The Pt/C/CP electrodes are cut
into 10 x 5 mm to be used as working electrodes. For these
experiments, ~6 mm of the Pt/C/CP is immersed in the so-
lution, a high-area Pt plate is used as a counter electrode,
and an Ag/AgCl as a reference electrode. The Pt/C/CP was
held by a toothless crocodile for electric contact. Using a
Potentiostat/Galvanostat PalmSens3, the Pt/C/CP elec-
trodes were investigated in 1.0 mol L KOH and O,-free so-
lution of methanol, ethanol, ethylene glycol, or glycerol in
different concentrations by cyclic voltammetry between -
1.0 and 0.5 V. The currents were normalized by the electro-
chemically active surface area considering 210 pC cm™ as
the charge involved in the desorption of a hydrogen mon-
olayer on platinum. The reduction of 0.5 mol L* Na,S,Os in
1.0 mol L H,SO,.was investigated on a metal-free CP be-
tween 1.6 and 0.2 V. All measurements were performed at
0.05 Vs

The modified and unmodified carbon paper and the cel-
lulose paper were studied by scanning electron microscopy
images in an SEM JEOL model JSM-6380LV. The chemical
composition was studied by coupling the SEM to an en-
ergy-dispersive X-ray detector (EDX) Thermo Scientific
(model Noran System Six). The cellulose paper was char-
acterized before and after use on both sides of the
colaminar flow. Figure S1 shows illustrative images of CP
and Pt/C/CP with their respective EDS spectra.

2.2. Fuel cell tests

After acquiring electrocatalytic parameters from the
half-cell measurements, we performed fuel cell tests by col-
lecting polarization and power density curves. The PuFCs
were built in a colaminar flow configuration, as illustrated
in Figure 1. The fuel cell was placed and slightly pressed
onas.1x 4.6 cm plastic plate printed in a SethiS3 3D printer
using polyethylene terephthalate glycol filament (PETG)
(Figure Sz). The inlets of liquids are 6 mm long independ-
ent channels immersed in catholyte and anolyte. The lig-
uids flow through the paper, building a 1 x 5 mm colaminar
channel between the electrodes and towards a paper pad
adsorbent, shown in the inset of Figure 1. The CP cathode



and the Pt/C/CP anode are placed on the colaminar flow to
form a flow-over configuration. Both electrodes were cut
into 5 x 6 mm. The cathode could also be considered air-
breathing, but the oxygen reduction reaction is almost in-
considerable compared to the reduction of the liquid oxi-
dant. The PuFC was designed in a simple and well-known
architecture, aiming to investigate the use of biomass-de-
rived fuels as the sole variable. A similar design can be
found elsewhere,® and the mechanism of fluid transport-
ing throughout the paper is based on the capillarity of the
cellulose paper, without intricated sets of hydrophilic/hy-
drophobic patterns.

The polarization curves were collected by linear voltam-
metry from the OCV to 0.001V at 0.01 V s™. The power den-
sity curves were built by multiplying the current density by
the cell voltage. The measurements were performed from
0.05 to 2.5 mol L7, depending on the alcohol, as discussed
later, keeping the catholyte constant as 0.5 mol L* Na,S,0Os
in 1.0 mol L*H,SO,. All measurements were performed in
triplicate. Worth noting that CP is 190 pm thick, forming a
0.011 cm? cross-sectional area, which is used to normalize
current and power. A real photo of the PuFC is shown in
Figure S2.

We also monitored the flow rate of the liquids in cm s™.
We considered the variation of a one-dimension line in
front of a wave (dl) as a function of time (dt) for the
colaminar channel to calculate the velocity of the flow or
flow rate. The measurements were made from print
screens of recorded videos - detailed in due course. This
strategy was used to avoid weighting the paper to collect
the difference in mass and further the difference in volume,
which is usually done to report rates in mL min?. We sug-
gest the current method (cm s?) because of its accuracy.
Since we used the same cellulose filter paper (Qualy®) for
all measurements, we focused on identifying the influence
of the solution on the velocity of the flow, which is
achieved by the dl/dt plots.
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Figure 1. [llustration of the paper-based mixed-media micro-
fluidic fuel cells fed by biomass-derived alcohols and sodium
persulfate in colaminar and flow-over configuration. The inset
shows the colaminar channel.

3. Results

The complete electrooxidation of the biomass-derived
alcohols leads to CO,, as shown in equations 1-4. However,
CO, is chemically converted to carbonate in an alkaline
medium, as shown in equation 5, which avoids micro bub-
bles disturbing the laminar flow and keeps the carbon re-
manded instead of releasing it to the environment. Besides,
the use of oxygen as an oxidant may lead to the cathodic
reaction into H,O, which dilutes the catholyte,’® decreasing
the efficiency of the half-cell reaction that has lower kinet-
ics, and the overall reaction accordingly. Here we use a lig-
uid oxidant sodium persulfate to form an anion as a prod-
uct, as shown in equation 6. Therefore, considering these
advantages in further application, we performed the half-
cell reactions.

CH;(OH) + 60H" > CO, + 5H,0 + 6e eq.1
C,H5(OH) +12 OH" 2 CO, + 9H,O + 12¢ eq. 2
C,H,(OH) +100H" > 2CO, +18H,0 + 10€° eq.3
C;H5(OH) +140H- = 3CO, + nH20 + 14€° eq. 4
CO, + 20H" > CO;* + H20 eq. 5
S,08* + 2e” 2 250,> eq. 6

3.1. Half-cell investigation

The fundamental experiments performed in a conven-
tional three-electrodes cell provide important thermody-
namics information in terms of onset potential and kinet-
ics, such as current density. Figure 2 shows the cyclic volt-
ammograms of the biomass-derived alcohols on Pt/C/CP
in an alkaline medium. These results are part of a few re-
ports in the literature®424 showing half-cell measure-
ments of the porous electrodes instead of the response of
nanoparticles deposited on a smooth surface. This analysis
is important because considers the capacitive current of
the CP, besides its resistivity in aqueous solutions.

The voltammograms are characteristic of small-chain-al-
cohols, with anodic current on both forward and backward
scans, as shown in Figure 2. The concentrations of the al-
cohols are indicated in the figure, being from o.05 to 1.0
mol L for all fuels, and with higher concentrations for eth-
ylene glycol and glycerol to elucidate the influence on the
power density, as discussed later. In general, there is a wide
anodic peak towards positive potential, followed by an in-
activation due to the formation of the oxide; and a surface
reactivation after the reduction of such oxides at the nega-
tive scan, leaving free-active sites to oxidize the alcohols.
The reduction of surface oxides is more evident in 0.05 mol
L™ for all alcohols, with a cathodic peak at ~-0.3 V.

The most important parameters investigated here are
the onset potential (Eonset), current density, and the influ-
ence of the concentration on the output current. The Eonset
is ~-0.6 V for methanol electrooxidation on Pt/C/CP (Fig-
ure 2A), while the potential peaks displaced toward more
positive values with the increase in concentration. The cur-
rent density increases with methanol concentration up to
1.7 A ecm™ in 1.0 mol L* (Figure 2A). Similar behavior is
shown for ethanol electrooxidation (Figure 2B). The Eqneet



is lower than that for methanol, at ~-0.67 V. The current
also increases with concentration from 0.05 to 0.5 mol L
but is slightly lower for 1.0 mol L.

The ethylene glycol electrooxidation starts at ~-0.55 V
and shows higher current densities than that found for the
other fuels (Figure 2C). The current density is 2.2 A cm™
for 0.05 mol L and reaches ~22.7 A cm™ for 2.0-2.5 mol L-
1. Thus, it is clear that the two hydrated carbons with only
one bond are more easily oxidized than the other alcohols.
Using the same catalyst and 1.0 mol L of the fuel, the out-
put current density for such a reaction (17.5 A cm?) is ~10,
~19, and ~9g fold those found for methanol, ethanol, and
glycerol, respectively.

Glycerol electrooxidation reaction on Pt is even more
complex,332526 and the current density increases until a
maximum, when the surface poisoning caused by partially
oxidized compounds and CO are deleterious.?” The Egnset of
glycerol electrooxidation on Pt/C/CP is at ~-0.57 V for all
concentrations, while the current density increases from

0.05 to 1.0 mol L and decreases for 1.5 mol L (Figure 2D).
The maximum current density was 1.9 A cm™ for 1.0 mol L-
The concentration plays an important role in the poison-
ing of the Pt surface,**® and sometimes adjusting the cor-
rect concentration improves more the reaction than when
using a new advanced material. Thus, here we explore the
influence of concentration on the performance of the
PuFCs. All anodic reactions show similar Eonsee at around -
0.55 to -0.60 V. Considering that the Eonee for the cathodic
reaction is 0.49 V (Figure S3), the OCV is expected to be
ideally at around 1.0 V. Most importantly, coupling the bi-
omass-derived electrooxidation in alkaline medium with
Na.S,Os reduction in acidic medium promotes negative
free-Gibbs energy for the overall reaction, allowing us to
use this configuration to produce power. Before investigat-
ing the output power, we characterized the system itself.
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Figure 2. Fifth cyclic voltammogram of Pt/C/CP in (A) methanol, (B) ethanol, (C) ethylene glycol, and (D) glycerol in 1 mol L

KOH at 0.05 V s7. Concentrations are indicated in the Figure.

3.2. Characterizing the paper and the flow

Before the fuel cell tests, the colaminar flow formation
was microscopically investigated by flowing a model
anolyte, 1 mol L methanol in 1 mol L* KOH, and 0.5 mol L-
'Na,S,0sg in 1.0 mol L* H,SO, as catholyte. The micrographs
and EDS spectra of a model of the PuFCs are shown in Fig-
ures 3A-3H. The micrographs of both sides of the paper
fuel cell are similar, without physical discrepancies, shown
in Figures 3A and 3C for the cathode and anode sides re-
spectively. The EDS of the cellulose paper before use shows
mainly the presence of carbon and oxygen (Figure 3B).

After flowing the catholyte and anolyte in a model of the
PuFC (Figure 3E), the chemical composition of the paper
becomes different from side to side. It is worth noticing
that this is an ex-situ investigation, thus the paper is dried
before the SEM measurements, which induces a mixture of
reactants until total drying. The catholyte side shows a
strong signal of S, K, and Na (Figure 3D). The S and Na
come from the catholyte itself, Na,S,Os in H,SO,, while the
presence of K is due to the capillary movement of the
anolyte during the drying. Note that the signal of S (from
catholyte) is more intense than that of K (originally from



anolyte). Figure 3F shows the EDS spectrum of the anolyte
side after drying. The signal from K (from anolyte) is more
intense than that from S (originally from catholyte). The
peak from Na is almost unseen. Thus, besides the expected
mixture during drying, it is evident that each side still con-
servates the expected major composition of the respective
liquids that went through.

Now looking at the region where the colaminar flow is
built (Figure 3E), we found a different composition after
drying. Figure 3G shows a mapping chemical composition
of the colaminar region highlighting the main compounds,
Na, S, and K, all overlapped. The EDS spectrum of this re-
gion reveals more equivalent intensities of the peaks re-
lated to S and K from catholyte and anolyte, respectively
(Figure 3H). Therefore, using the elements as probes, the
results assure that the colaminar flow was properly built
and that the system can be used to convert energy in fuel
cell configuration.

Besides the chemical composition of the colaminar
channel, we characterized the flow rate of the biomass-de-
rived fuels throughout the cellulose paper. Convective
mass transport takes place by partition, where the solubil-
ity of the compounds of the electrolytes in adsorbed water
from the cellulose paper plays an important role. There-
fore, capillarity is the main driven force for the flow.?9 The
two self-pumped paths drive the flow through the paper
towards the main channel and eventually to the paper pad,
all by capillarity. Since the cellulose paper is the same in all
measurements, the viscosity of the solution may impact
the mass transfer. Therefore, following the flow rate is a
way of investigating these two coupled behaviors, indi-
rectly revealing the residence time of the reactants. Here
we showed the influence of fuel concentration on the cap-
illarity for the first, rationalized as flow rate in terms of cm
s™.
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Figure 3. Micrograph characterization of the PuFC. Features (A) SEM image of the catholyte side, (B) an EDS spectrum of the
cellulose paper before use, (C) SEM image of the anolyte side, (D) EDS spectrum of the catholyte side, (E) an illustrative model of
the PUFC, (F) EDS spectrum of the anolyte side, (G) chemical mapping composition and (H) EDS spectrum of the colaminar region.
All measurements were performed after spontaneously drying the paper. The sample was prepared by flowing a model anolyte, 1
mol L' methanol in 1 mol L* KOH, and by 0.5 mol L* Na,S,Os in 1.0 mol L* H,SO, as catholyte.



Figure 4 shows curves of distance vs. time for measure-
ments with fixed catholyte and anolytes with different fuel
concentrations. All flow rates were calculated from print
screens from a recorded video, as shown in the illustrative
PuFC model in Figure S4, detailing the method.

The choice for the concentrations is based on their lim-
iting power densities, further discussed. The curves display
an apparent logarithmic growth, with a great inclination
up to ~150-200 s, which we conjecture is the lapse time
taken from the front of a wave to stabilize the colaminar
channel, overlapping with the time waited to stabilize the
OCV, highlighted in yellow backgrounds in Figure 4. From
that point onwards, the curves show some linearity.

Different methanol concentrations change the rate that
the stable colaminar channel is achieved, being faster for
0.05 and 0.5 mol L, as shown by the inclinations of the
curves (yellow background in Figure 4A). After that point,
the flow rate does not change with concentration since the
derivative of the linear part is approximately the same. Fig-
ure S5A shows overlapped linear fittings. The flow rates
range around 5.40-4.5 103 cm s™ (Table S1). This suggests
that neither the solubility of the anolyte with methanol in
adsorbed water from cellulose paper is affected nor the vis-
cosity interferes greatly. We found similar behavior for
PuFC fed by ethanol. The time to reach a stable colaminar
channel is similar for 0.05, 0.5, and 1.0 mol L (Figure 4B
and Figure S5B). In the linear part, the changes in flow
rates are negligible (~5.00-4.00 103 cm s™ in Tables S1).

It is expected that different concentrations of more vis-
cous fuels impact the flow rates. 0.05 and 0.5 mol L of eth-
ylene glycol display similar behavior in the whole range of
time (Figure 4C and Figure S5C). The time-lapse to stabi-
lize the colaminar channel starts to change with 1.5 mol L
and it is delayed for 2.0 and 2.5 mol L™ (yellow background
in Figure 4C). The flow rates found in the linear part de-
crease with the increase in concentration, which is evi-
denced by the linear fittings in Figure S5C. The flow rates
are more affected by ethylene glycol concentration than by
methanol and ethanol. The flow rate is ~7.7 103 cm s for
0.05 and 0.5 mol L™ and decreases up to 3.23 103 cm s for
2.5 mol L ethylene glycol (Table S1).

Although soluble in water, glycerol is more viscous than
ethylene glycol, and the trends in capillarity for the differ-
ent concentrations are not as obvious (Figure 4D). The
changes in time to reach the stable colaminar flow are neg-
ligible. The inclinations are similar between 0.05 and o.5
mol L and are smaller for 1.0 mol L, which is similar to
that for 1.5 mol L (Figure 4D and Figure S5D). Interest-
ingly, the curves are roughly linear after 200 s for PuFCs fed
by 0.05 and 0.5 mol L?; however, there is a second inclina-
tion after ~700 s for cells fed 1.0 and 1.5 mol L, indicating
a decrease in flow rate (Figure 4D). The flow rates are ~7.0
and 7.7 103 cm s for 0.05 and 0.5 mol L* of glycerol, re-
spectively, but drop to ~half for 1.0 and 1.5 mol L* (Table
S1). The trend in flow rates for each alcohol is found in Fig-
ure S6. The change in concentration affects more ethylene
glycol and glycerol than methanol and ethanol due to their
higher initial viscosities, while methanol and ethanol are
less viscous even pure. In general, the residence time of the
reactants is virtually the same for cells fed by methanol and
ethanol regardless of the concentration, and it increases
with the increase in concentrations of ethylene glycol and
glycerol, which may impact the overall efficiency of the sys-
tems.

It is important to note that the flow rate of a fully wetted
paper (Q) depends on the dynamic viscosity (u) by Darcy’s
law,3%3 as follows,

_ KAAP
=

where « is paper permeability, A the cross-sectional area,
AP is the pressure difference, and L is the distance traveled
by the fluid front. Therefore, the higher the viscosity, the
lower the flow rate, inducing longer residence times. The
dependence of flow rate with y is less obvious for the di-
luted solutions when the water solvent is dominant. Ana-
lyzing the same fuel, the more concentrated solution is ex-
pected to show a lower flow rate, and longer residence time
- see velocities for cells fed by ethylene glycol in Table Si.
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3.3. Fuel cell experiments

The performance of the mixed-media PuFCs fed by the
biomass alcohols in different concentrations is rationalized
in terms of polarization (cell voltage vs. current density)
and power density curves (power density vs. current den-
sity), as shown in Figure 5 and Figure S7. The average fea-
ture of the polarization curves is similar for all systems.
There is a prominent activation polarization at low current
densities, which is due to the flow-over configuration of
the electrodes, decreasing the collision factor for the an-
odic reaction allied to the well-known poisoning of Pt by
CO that occurs for all four alcohols' electrooxidation.*26
The curves are mostly controlled by ohmic polarization, in-
dicated by the monotonous decay in cell voltage at most of
the current density range. Finally, the maximum current
density obtained close to the short circuit is different from
a profile of a limiting current found in polarization by star-
vation, when the oxidant is faster consumed than the rate
of electrons coming from the anode side. This suggests that
the catholyte with liquid oxidant is feeding the cell at
enough rate to collect the electrons harvested by the an-
ode.

The PpFCs fed by methanol display the lowest currents
and power densities among the cells (Figure 5A). The cell
operating with 0.05 mol L methanol displays negligible re-
sponse, the performance improves for 0.5 mol L and de-
creases for 0.5 mol L, achieving the best performance as
2.8 mW cm. This is not far from the state-of-the-art power
density for a PpFC fed by methanol (~5 mW cm™)", and we
used a metal-free cathode here. The power density

decreases when feeding the cell with 1.0 mol L™ methanol,
which could be due to a deleterious competition between
increasing the amount of fuel and CO poisoning. Similar
characteristics are found for the maximum current density,
which reaches 28.6 mA cm™ at 0.05 mol L. The perfor-
mance parameters are detailed in Table 1. The flow rates
are virtually similar for the different concentrations (Table
S1 and Figure S6), thus the residence time has negligible
impact on the performance.

The use of ethanol as fuel improves the overall perfor-
mance of the PuFC (Figure 5B). The OCV for cells fed by
0.5 and 1.0 mol L displays similar values to those for meth-
anol, at around o0.20 and 0.25 V. The power density is also
negligible at 0.05 mol L increases at 0.5 mol L, and de-
creases at 1.0 mol L. However, the peak power density val-
ues are different. The flow rates are similar for the three
concentrations, thus the influence of residence time is neg-
ligible compared to the impact of the surface reaction (Ta-
ble S1 and Figure S6), suggesting that at 1.0 mol L, the
amount of fuel leads to intense CO poisoning, compromis-
ing the adsorption of ethanol, which is deleterious for the
cell.

The PuFC fed by ethanol reached 3.7 mW c¢m™ and 60.8
mA cm? at 0.5 mol L. This evidences that besides the CO
poisoning and the possible formation of acetic acid,3 eth-
anol can be a good choice because is a less toxic and more
promising fuel than methanol. More details are found in
Table 1. This value is an order of magnitude higher than
that found using stacked cells and multi-walled carbon
nanotubes in buckypaper as electrodes.> This output



power is higher than that found for a PuFC fed by ethanol
and dichromate (2.74 mW cm)*°, and lower compared to
the same system when equipped with molybdenum oxide
nanorods as catalysts (6.32 mW cm).2° Therefore, the eth-
anol PpFC proposed here adds advantages since it delivers

mmmm ().05 mol L

high power using a nontoxic liquid oxidant, metal-free
cathode, and easily found commercial Pt/C NPs at the an-
ode side.

w05 mol L' w10 mol L™

0'40 T T T T T T T T 8 040 T T T T T T T T 8
0.35- A HO\CH L7 05 B HO‘\CHQ L7
3
0.30 S o030 -6
0.25 % 025 L5
0.20 r* 020 -4
-3 L3 C}l
0.15 0.15 - E
> 0.104 N 0.40 | 2 O
~ |, L4 ;
Q© 0.05 0.05 =
(@)] Lo LO
E 0.004 0.00 -| -
o & T T T T T T T -1 _'?
2 0-40 8 040 T T T T T T T 8 2
= D ]
© o351 L7 o5 OH L7
. - ©
O Ho\)\/OH o
0.30 8 00 & ©
0.254 5 o025 Q 5 g
v 4 0O
-4 = ey L
0.204 0.20 -| EE @@ o
La SN Y - L3
0.15 0.15 =] i
|2 2
0.104 0.10
L1 L4
0.054 0.05
Lo -0
0.004 0.00
T T T T T T T T -1 T T T T T T T T -1
=10 0 10 20 30 40 50 60 70 80 -10 0 10 20 30 40 50 60 70 80

Current density / mA cm?

Figure 5. Polarization and power density curves for the paper-based microfluidic fuel cell fed by (A) methanol, (B) ethanol, (C)
ethylene glycol, and (D) glycerol in 1 mol L KOH anolytes and by 0.5 mol L Na,S,0Os in 1.0 mol L* H,SO, catholyte. Polarization
curves were measured from open-circuit voltage to 0.001 V at 0.01 V s™. The different alcohol concentrations are shown in the

figure. All measurements are in triplicate.

The PuFC fed by ethylene glycol displays the best perfor-
mance, as shown in Figure 5C. PuFC fed by methanol and
ethanol displays maximum power density at 0.5 mol L7,
and lower performance for higher concentrations. On the
hand, the overall performance increases with concentra-
tion from 0.05 to 1.0 mol L™ with ethylene glycol, thus we
performed measurements with 1.5, 2.0, and 2.5 mol L to
find the limits in terms of output power for this system.
Figure S7 shows all measurements.

The peak power density is 1.94 mW cm™ at 0.09 V when
fed by 0.05 mol L ethylene glycol anolyte. The power den-
sity increases to 3.93 mW cm™ at 0.14 V fed by 0.5 mol L
with 53.8 mA cm™ of maximum current density. By feeding
the cell with 1.0 mol L?, the maximum power density
reaches 5.52 mW cm™ at 0.5 V with 66.4 mA cm™ as the
current density close to the short circuit (Table 1). The
peak power density reaches 6.37 mW cm with 1.5 mol L7,

with 0.33 Vof OCV, and 72.3 mA cm™ as maximum current
density. This performance is higher than the state-of-the-
art power density previously found by Chandra et al.>° The
best configuration appears when feeding the cell with 2.0
mol L7, revealing the benchmarking power density of 6.76
mW cm™ at 0.20 V. At least under our knowledge, this is
the highest power density reported for an alcohol-fed
PuFC, as shown in Table 1. Higher concentrations, such as
2.5 mol L*, saturate the system leading to a decrease in
power density towards 4.8 mW cm™. This first developed
ethylene glycol-fed PpFC displays remarkable output
power.

Although the complete electrooxidation of ethylene gly-
col (eq. 3) implies less 2e- harvested than for ethanol elec-
trooxidation (eq. 2), ethylene glycol has two hydrated car-
bons, which facilitates the reaction. The different concen-
trations of ethylene glycol change the residence time of the



reactants deeply. The best performance at 2.0 mol L ap-
pears at 3.75 103 cm s7, while it is 7.75 103 cm s for 0.05
mol L. Although 2.5 mol L increases residence time (see
flow rates in Table S1), the probable poisoning or satura-
tion leads to a decrease in overall performance.

PuFCs fed by glycerol show improvement in perfor-
mance from 0.05 to 1.00 mol L, and further decrease for
1.50 mol L7, as shown in Figure 5D. The cell shows 1.49
mW cm? as the maximum power density at 0.12 V for 0.05
mol L. When fed by 0.5 mol L solution, the output power
density increases to 2.89 mW cm™ at 0.13 V with 39.3 mA
cm as the maximum current density. Feeding the cell with
1.0 mol L glycerol in an alkaline solution delivers 3.27 mW
c¢m with 51.7 mA cm (Table 1). Increasing concentration
is deleterious. The use of 1.5 mol L glycerol renders a high
OCV of 0.30 V, but very limited electron transfer, leading
to 218 mW cm™ of peak power density. The residence time
increases with the decrease in flow rate, thus the maximum
power density is found in 1.0 mol L, which is roughly half
of that found for 0.05 mol L (Table S1). Similar to the

features of the PuFC fed by ethylene glycol, high concen-
tration leads to poisoning and saturation, being 1.0 mol L*
as the limit. Half-cell measurements showed that the poi-
soning effect is more intense in high concentrations,*
which was also reported for PDMS-based pFCs.° The
three-hydrated carbons make the surface reaction very
complex to understand,®"?533 but certainly improve elec-
tron harvest compared to methanol.

Most of the PuFCs fed by biomass-derived alcohols re-
ported here are also higher than those reported in the lit-
erature, even considering other fuels and oxidants.*® Under
our knowledge, the systems that deliver higher power den-
sity than reported here are fed by other liquids, such as for-
mic acid,” potassium formate in stacks,”® zinc and vana-
dium,3* and others detailed by Tanveer et al.® Moreover,
the PpFC reported here may benefit further from an im-
proved design, such as folding,3s adding patterns to change
the flow mechanism, changing the size of electrodes, and
flow configuration.’

Table 1. General parameters and performance comparison of the paper-based biomass microfluidic fuel cells. Fuels are
methanol (MeOH), ethanol (EtOH), ethylene glycol (EgOH), and glycerol (GIOH).

Fuel Observation Peak power po- Peak power den- Maximum OoCcv/V
tential / V sity / mW cm™ current den-
sity / mA cm™

This work MeOH 0.05 mol L 0.012 0.025 3.75 0.02
This work MeOH 0.50 mol L 0.14 218 28.6 0.25
This work MeOH 1.00 mol L 0.13 1.33 19.0 0.23
This work EtOH 0.05 mol L 0.027 0.023 1.63 0.05
This work EtOH 0.50 mol L 0.13 3.70 60.8 0.25
This work EtOH 1.00 mol L 0.11 157 25.6 0.20
This work EgOH 0.05 mol L 0.09 1.94 39.5 0.17
This work EgOH 0.50 mol L 0.14 3.93 53.8 0.28
This work EgOH 1.00 mol L 0.15 5.52 66.4 0.30
This work EgOH 1.50 mol L 0.18 6.37 72.3 033
This work EgOH 2.00 mol L 0.20 6.76 65.6 0.38
This work EgOH 2.50 mol L* 0.17 4.8 50.9 0.35
This work GIOH 0.05 mol L 0.12 1.49 21.39 0.22
This work GIOH 0.50 mol L 0.13 2.89 39.3 0.24
This work GIOH 1.00 mol L 0.12 3.27 51.7 0.23
This work GIOH 1.50 mol L 0.16 218 24.8 0.30
Esquivel et al’¢ MeOH Pt cathode - 4.4 47 0.55

PtRu on

Au/COP anode
Chandra etal.>> EtOH MoO, elec- - 6.32 ~13 ~1.4

trodes;

Gel membrane;
Rao et al.> EtOH MWCNTs - ~0.073 ~1.76 ~0.25

Figure 6 reveals the limits in terms of the peak power
density of the biomass-fed PpFC with different

concentrations of alcohols. All graphs display a volcano-
like behavior with their maxima. Cells fed by methanol and



ethanol show peaks at 0.05 mol L. The peak power density
is displaced to 1.0 mol L for cells fed by glycerol, suggest-
ing that the anode tolerates a high concentration of this
fuel. The difficulty in cleaving the two C-C bonds induces
the formation of less CO compared to methanol (and prob-
ably ethanol), which is due to the partial glycerol electro-
oxidation. The curve displays a peak at 2.0 mol L of eth-
ylene glycol, suggesting an even higher tolerance to the ex-
cess of alcohol and improved fuel utilization in higher res-
idence times. We hypothesize that the equilibrium be-
tween the number of C-C bonds and the oxidation state of
the carbons might be the key to such performance. The
presence of a C-C bond leads to less CO than a single-car-
bon fuel due to the increased partial oxidation, but oxida-
tion is facilitated for the two hydrated carbons compared
to hydrocarbons, which improves electron harvest with
low CO poisoning.
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Figure 6. Peak power densities of the PuFC fed by different
alcohols in different concentrations of anolytes.

In summary, whether needed, the PpFC displays similar
output power density by interchanging the four fuels using
0.5 mol L* (~2.2-3.9 mW cm?) (Figure 6). This allows
choosing the available fuel to deliver similar power, which
may be demanded by portable devices that require an exact
amount of energy. This analysis evidences that it is possible
to improve performance by simply chemistry and engi-
neering. For example, the output power of PuFCs fed by
ethylene glycol is enhanced ~3.5 times only by adjusting
the concentration of the fuel. Moreover, ethylene glycol is
the most promising among these biomass-derived fuels,
displaying the benchmark performance using a metal-free
cathode.

4. Conclusions

This work demonstrated a paper battery based on
colaminar microfluidic fuel cell configuration (PuFC) fed
by biomass-derived fuels. Equipped with a Pt/C/CP anode
and a metal-free CP cathode, the cell delivers high output
power. The main strategy is to optimize each half-cell re-
action independently in the membraneless cell. Namely,
the PuFCs are fed by methanol, ethanol, ethylene glycol, or

glycerol in an alkaline medium for the anodic reaction, and
by N.S,Os in an acidic medium for the cathodic reaction.
The performance depends on the concentration and type
of fuel, with consequences to the anode poisoning, resi-
dence time, and viscosity of the liquids.

Before operating the PuFC, we investigated the anodic
half-cell measurements in porous Pt/C/CP, which show de-
pendence on biomass-derived fuels. Methanol, ethanol,
and glycerol show an increase in current density up to a
maximum, and a followed drop, while the increase in eth-
ylene glycol concentration increases current density up to
a platé. Moreover, ethylene glycol electro-oxidation shows
current densities more than 10 times higher than those for
the other alcohols, suggesting improved kinetics. These re-
sults suggest that the structure of the alcohol plays a role
besides concentration. The well-known CO intermediate,
from small-chain alcohol oxidation, poisons the Pt surface,
limiting the surface reaction. This effect is different for the
different alcohols and counterbalances the faradic current
delivered by the reaction. Therefore, the two hydrated car-
bon with only one bond of ethylene glycol makes this fuel
the most powerful among the investigated ones.

The colaminar flow of the cellulose paper-based cells was
investigated chemically and physically. We followed the
cathodic, anodic, and interface regions by chemical map-
ping composition. The analysis reveals that each side is
richer in its respective element from the electrolyte
(anolyte and catholyte) and that the interface contains a
proper mixture of both, chemically assuring the colaminar
flow. Moreover, we investigated for the first time the flow
rate (or velocity) based on recorded videos. The time to es-
tablish a stable colaminar flow for all cells is ~150-200 s,
which coincides with the time to reach stable open circuit
voltage. After this inflection point, the distance vs. time
curves display approximately linear features. The linear fit-
tings show that flow rates are similar regardless of concen-
tration for methanol and ethanol but change deeply for
more viscous fuels, such as ethylene glycol and glycerol.
For instance, 2.0 mol L of ethylene glycol leads to half of
the flow rate found with o0.05 mol L. The decrease in ve-
locity represents an increase in residence time, which may
be beneficial for the anodic surface reaction.

The PpFCs equipped with Pt/C/CP anode and metal-free
CP cathode were fed by the fuels in different concentra-
tions in an alkaline medium as an anolyte and by Na,S.O,
in an acidic medium as a catholyte. The peak power densi-
ties increase with concentration until their maxima and
decrease after this limit. This volcano-like feature is differ-
ent among the PuFCs fed by different fuels. Paper batteries
fed by methanol and ethanol show their limits with 0.5 mol
L7, while it is displaced to 1.0 mol L for glycerol and to 2.0
mol L™ for cells fed by ethylene glycol. Ethylene glycol show
improved kinetics, as a result of the lower poisoning, and
also shows lower residence time for 2.0 mol L, which en-
hances performance. In higher concentrations, the poison-
ing and surface saturation become more relevant than the
increase in residence time, and the performance is com-
promised. The limiting power densities of the cells are



composed of a balance among the poisoning of the anode,
the residence time, and the viscosity of the liquids.

The biomass-derived fuel can be interchanged to feed
the PuFCs to deliver ~2.2-3.9 mW cm™. Moreover, the cell
fed by 2.0 mol L ethylene glycol using a metal-free cath-
ode for Na,S,0s reduction delivers 6.76 mW cm, which is
the benchmark for a paper battery fed by alcohol. Here we
show that the chemistry and engineering of the paper bat-
tery may be as important as producing new catalysts, and
sometimes simple configuration changes lead to better
performances than using time-consuming and complex
new catalysts. We hope this work encourages researchers
to explore theoretical and experimental configurations to
boost output power, which might fasten the development
of the field.
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