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ARTICLE INFO ABSTRACT

Keywords: A membrane-free low cost microfluidic fuel cell (pFFC) consisting a trident shaped channel is molded into a
Micro-fluidic poly(dimethyl siloxane) block and Ni wires affixed therein that doubled up as the catalyst and electrical con-
Fuel cell

nectors. Streams of aqueous acidic solutions of formic acid as the anolyte (fuel), KMnO, as the catholyte (ox-
idant) and an acid electrolyte, flown through the respective channels at a constant rate ensured laminar flow
across the length of the channels, while being in contact with the Ni wires, thereby tapping its’ catalytic activity
for good electrochemical performance. The effect of varying fuel or oxidant concentration on the yuFFC perfor-
mance is studied. In the chronopotentiometric mode, the high catalytic activity of Ni allows high currents of the
order of 1.25 mA to be sustained by the cell, particularly when the surface is fresh, and this current drops when
the deposition of Mn, K, and S occurs. A flow rate of 150 pL/min. is found to be optimal, as the highest open-
circuit voltage (OCV) of 1.33 V is attained at this flow rate. While the cell performance is largely unaffected by
formic acid concentration, but it is controlled by KMnO,4 concentration. Higher oxidant concentrations yielded
higher OCVs, due to more amount of the five-electron reaction, occurring at the cathode enhancing the charge
separation and hence the OCV. DRT studies of the EIS data resolved two different time constants for the anodic
and cathodic processes. The uFFC delivers a maximum power density of 2.1 mW/cm? and a stable current of
3.5 mA/cm? for more than 10 min. at 0.6 V, thus validating its deployment in a variety of applications like
diagnostic devices and as an independent power supply for MEMS devices.

Formic acid
Laminar flow

1. Introduction

A micro-fluidic fuel cell (uFFC) is a device that produces electricity
from the parallel flow of fuel and oxidant past electrodes and avoids
the need for a physical membrane to keep the fuel and oxidant sepa-
rated from each other. The configuration of these cells exploits the
unique flow characteristics of microchannels, which are low Reynolds
number (Re < 1) and high Péclet number (Pe~100). The extent of mix-
ing due to the relative dominance of convective and diffusive transport
can be characterized by Péclet defined as Pe=ulL /D, where u is the
average convective velocity, L the channel width and D is the diffusion
coefficient of the species of interest [1]. Therefore, the width at the
interface over which the mixing occurs can be controlled by adjusting
the channel width and flow rates [2]. A higher value of Pe implies
lower mixing, which may be obtained by increasing the flow rate.
However, a Re (defined as Re=pdu/u, where p is the density of the
fluid, d is characteristic channel dimension, and y is the fluid viscosity)
exceeding 1000 leads to transition of the laminar interface to a
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turbulent one [3]. Since the characteristic dimension of microfluidic
cells is very small, the Reynolds number is almost always less than
1. Differences in flow rates between the two streams may also lead
to hydrodynamic instability [1]. Therefore, for any given channel con-
figuration, the flow rates must be such that i) the fuel/oxidant cross-
over is nil or very minimal, ii) the interface remains laminar, and iii)
avoid the formation of thick boundary depletion layers. In addition,
the fuel/oxidant crossover can be minimized by adopting novel chan-
nel geometries. For instance, bridge type channel geometry has been
proposed by Montesinos et al. and Oh et al. [4,5].

Formic acid (HCOOH) is an attractive fuel for use in laminar flow
cells as it leads to high open circuit potentials [1] and fast reaction
kinetics [6]. Since it is a carbon containing fuel, the oxidation of
HCOOH releases CO, at the anode [7,8], particularly in an acidic envi-
ronment [9]. CO, has a solubility of 90 mL per 100 mL of water and
therefore, there is a high probability that it dissolves readily in the
aqueous flowing stream [1]. Excessive formation of CO, bubbles can
occur at high current densities, which may interfere with the
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hydrodynamic stability of the laminar flow [1]. Nevertheless, the res-
idence time of bubbles in the cell can be reduced by using different cell
geometries [10].

To qualify as a uFFC, at least one of the characteristic dimensions of
the cell must be in the range of 1-200 pm [2]. The channel width in
microfluidic cells satisfy this criterion. Typically the micro-channels
are fabricated on poly-dimethylsiloxane (PDMS) by following tech-
niques such as photolithography and soft lithography [11]. The chan-
nels thus produced on PDMS are open and the PDMS is bonded to a
glass substrate having the electrode pattern deposited on them to form
rectangular flow channels. Different procedures for channel fabrica-
tion are given in the review by Kjeang et al. [2]. Fabrication methods
using CO, laser machining and hot press are also reported in the liter-
ature [12,13].

Many of the reported studies use noble metals as electro-catalysts.
If HCOOH oxidation proceeds through an indirect pathway, CO may
form as an intermediate which leads to long-term degradation of the
cell due to poisoning [14]. The CO thus formed adsorbs on the elec-
trode surface making the surface inaccessible for the electrochemically
active species. In most cases, the carbon is the support material used
and it is reported that annealing carbon support at different conditions
can alter the CO tolerance [15,16]. Li et al. demonstrated a 41%
increase in performance with oxygen annealing of Pd@graphene elec-
tro-catalyst [12]. There are also reports that the oxidation of HCOOH
on Pd catalyst proceeds through direct pathway leading to the forma-
tion of CO5 [13]. According to the review of Zhou et al., the maximum
power density reported by membrane-less microfluidic cells using
HCOOH is 63 mW/cm? [3]. However, this power density is achieved
on a Pd-PdO catalyst [17]. Acosta et al. studied the performance of
laminar flow HCOOH fuel cell using Pd and PdCo supported on
MWCNTs. They used O, saturated H,SO, as the oxidant [13]. Accord-
ing to these authors, polarization losses at the cathode were lower
compared to the anode and PdCo alloy fared better than pure Pd sup-
ported on MWCNTs.

Here we report the performance of micro-fluidic HCOOH cell using
KMnO, as the oxidant and Ni wire as the electrode. In order to reduce
the ohmic resistance for the transport of H" ions from the anode side
to the cathode side, the fuel and oxidant are mixed with dilute H,SOy,
which on dissociation produces a sea of H* ions. The H' ions that are
consumed at the cathode are replenished by the oxidation of HCOOH
at the anode. However, a higher concentration of supporting elec-
trolyte such as H,SO4 can lead to activation losses at the anode due
to the formation of sulfate and bisulfate at the active catalyst sites [9].

2. Cell fabrication

A custom wafer was 3D printed as a master mould using PROJET
6000 stereolithography machine and Accura clearVue polymer. Ni
wires served as the electrodes. This design consisted of a channel of
width 1 mm and depth 150 pm with three inlets and one outlet. On
the two outer edges of the flow channel, square channels (200 pm)
were designed, that act as grooves to hold the Ni wire electrodes.
PDMS prototypes were patterned using the 3D printed master patterns
and the Nickel wires, cleaned using isopropyl alcohol (IPA), were care-
fully inserted into the grooves beside the channel. The prototype was
then bonded to another PDMS slab after punching the inlet and outlet
holes to form the uFFC. Required tubes were then attached to uFFC
using quick setting clear epoxy, and the cell was ready for use as illus-
trated in Fig. 1. The length of the channel in the MFC was 5 cm and the
dimension of the Ni wires used were ¢ = 200 pm, Il = 5 cm. Since the
wires are placed on each side of the channel the gap between them is
1 mm.

This 1 mm wide channel is used for the transportation of anolyte
(fuel), catholyte (oxidant), and electrolyte streams. The electrolyte
stream is supplied between the anolyte and catholyte streams. There
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are three inlets for supplying these three different streams. The use
of a middle stream (electrolyte) in such configurations has been
reported previously [18]. The use of this middle stream further limits
the intermixing of anolyte and catholyte and helps maintain a hydro-
dynamically thin layer of anolyte and catholyte over the electrode
surface.

3. Experimental procedure

Different concentrations of anolyte are prepared by mixing various
concentrations of formic acid (1.05 M, 2.1 M, and 4.2 M) with H,SO,4
such that the final concentration of H,SO, is 0.5 M in the anolyte solu-
tion. Similarly, the oxidant or the catholyte is prepared by mixing dif-
ferent concentrations of KMnO,4 (0.1 M, 0.144 M, and 0.2 M) with
H,SO,4, such that the final solution contains 0.5 M H,SO,4. The middle
stream (electrolyte stream) is 0.5 M H,SO,4. The total surface area of
the Ni wire electrode that comes in contact with the anolyte or catho-
lyte streams is 0.314 cm?. The three inlets meet with the main channel
which has a single outlet. For supplying the three streams, PU tubing
of 1 mm ID is used. A constant flow rate for each experiment is main-
tained with the help of syringe pumps (Chemyx fusion 101). At any
instance, all three streams are flown at the same flow rate relative to
each other to ensure that the width of the three streams is equal,
i.e., 333 um each. Before operating the xFFC, it is important to remove
all the trapped air from the flow channel. The air bubbles, if not
removed, disrupt the laminar flow, causing significant fluctuation in
the current and potential measurements. Thus, prior to the experi-
ment, each of the three streams is flown at a flow rate of 500 pL/
min, while maintaining the other two streams at zero flow rate. The
three streams are operated simultaneously once all the air is removed
from the cell channel. All dc-polarisation (iV) curves and electrochem-
ical impedance spectra studies are obtained using the Autolab 302 N
potentiostat/galvanostat machine coupled with a frequency response
analyzer, with the software NOVA 2.1.

4. Results and discussion

Chrono-potentiometric conditions are used to record the iV curves
reported in this work. Two different approaches are adopted. In one
approach current is stepped down from a higher value and in the
other, the current is stepped up from a lower value. The results from
both procedures are shown in Fig. 2. Each step in Fig. 2 corresponds
to a current value and the difference between two consecutive steps
is 0.05 mA. Before taking the voltage reading, a stabilization time of
5 to 40 s is given for any given current. A significant difference in
the iV characteristics is observed between the two different
approaches, which is due to the deposition of MnO, and other ele-
ments (K, S) on the cathode surface [19-21]. When the current density
is low, the cathode surface is relatively free of deposits. As current
increases, the rate of deposition of various metals and non-metals also
increases, eventually leading to the formation of a thick layer of
deposit covering the entire electrode surface. Thus the electrochemical
reactions become limited by both kinetics and transport. The unavail-
ability of surface area makes the reaction kinetically limited and the
thick layer of deposit makes the reaction transport limited. However,
in the reverse case, the electrodes are initially clean, and therefore
the entire surface area is available for electrochemical reactions and
the cell is able to sustain higher currents. Clearly deposit formation
occurs in this case as well, however, the since surface area requirement
at lower current is low, the cell can easily sustain lower currents. For
instance, the cell could deliver a maximum current of 1.25 mA when
the procedure is started from high currents. When a current of
1.25 mA is applied the cell voltage drops from OCV to 0.6 V, which
means the cell can support even higher currents if the procedure for
Fig. 2b is followed. However, in the reverse process (Fig. 2a), the max-
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(a) Photograph of the assembled cell
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Fig. 1. Photograph and schematic of the 3D printed cell.
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Fig. 2. Chronopotentiometry studies using two different approaches. In one case the current is stepped from higher to lower values and in another, the current is
stepped from lower to higher values. The flow rate of each stream is 150 pl/min. The concentration of HCOOH and KMnO, are maintained at 2.1 M and 0.144 M

respectively.

imum current the cell could support is 0.95 mA and the limiting cur-
rent behavior is clearly observed in this case.

The cell performance at different flow rates is shown in Fig. 3. For
these experiments, the concentration of HCOOH and KMnO, are main-
tained at 2.1 M and 0.144 M respectively. It can be seen that the cell
performance is better at higher flow rates. Higher flow rates are
expected to increase the Peclet number which implies minimum mix-
ing of the two streams. Mixing would lead to a lower cell performance
due to the direct reaction between HCOOH and KMnOQ,. At the lowest
flow rate, the cell failed at current densities above 2.7 mA/cm? with-
out showing any signatures of limiting current. Even for higher flow
rates, the cell failed after reaching a current density of 4 mA/cm?. In
general, such a sudden failure of the cell happens only due to the fail-
ure of cell components or short-circuiting. However, these possibilities
can be ruled out in a laminar flow membraneless cell. One of the rea-

sons for the operational failure is the cathode failure due to the
deposition of oxides of Mn, which becomes severe at higher currents.
The inspection of the cathode after the experiments showed a dark
brown deposit. The OCV is also low in the case of lower flow rate. It
is lower by ~0.2 V compared to the OCV obtained at the higher flow
rates attempted here. The lower OCV at lower flow rate is probably
due to the intermixing of anolyte and catholyte streams as transverse
diffusion dominates at low flow rates. The intermixing of anolyte
and catholyte causes direct reaction between HCOOH and KMnO,
leading to the formation of MnO,, CO», and H,0 [22].

Since the cell delivered better performance at a higher flow rate, the
effect of HCOOH concentration and KMnO,4 concentration on the cell
performance is studied at 150 pL/min (which is the highest flow rate
studied here). Fig. 4 shows the cell performance at different HCOOH
concentrations and at a KMnO,4 concentration of 0.144 M. There is no
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Fig. 3. Cell performance at different flow rates. The concentrations are

HCOOH = 2.1 M, KMnO,4=0.144 M, and H,SO,=0.5 M.
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Fig. 4. Cell performance for different formic acid concentrations.
KMnO,=0.144 M, H,SO,=0.5 M.

significant difference in the cell performances for different HCOOH con-
centrations, rather, the difference that is observed is within the experi-
mental error. The experimental error is lower at high currents, and
higher at low currents. Nevertheless, on average, higher HCOOH con-
centrations lead to lower OCVs. Acosta et al. also observed slightly lower
OCYV for higher concentration (0.1 M vs 0.5 M) of HCOOH in their exper-
iments [23]. Furthermore, the authors also reported that the perfor-
mance of 1 M formic acid lead to a lower cell performance compared
to the other two lower concentrations studied. The formation of CO,
at the anode surface, which disrupts the flow pattern is cited as the rea-
son for lower performance at high HCOOH concentration. However, in
our experiments, intermediate and high concentration values lead to
nearly the same cell performance at high currents.

In contrast to the case of HCOOH, the magnitude of OCV was found
to be strongly dependent on the concentration of KMnO,. Fig. 5 shows
that higher concentrations of KMnO, lead to higher OCVs, however,
Montesinos et al. observed a slight decrease in OCV with increase in
KMnO, concentration [4]. The performances of the cells at 0.15 and
0.2 M concentrations are nearly the same, which implies that increas-
ing the concentration of KMnO, further may not result in any further
increase in cell performance. The reduction reaction at the cathode
involving KMnOy, is a 5-electron transfer reaction with Mn’* reducing
to Mn2*. At high concentration more amount of oxidant reacts, thus
leading to better charge separation and hence higher OCV.

Journal of Electroanalytical Chemistry 932 (2023) 117245
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Fig. 5. Cell performance for different KMnO, concentrations.

To the best of our knowledge this is the first report on the use of Ni
as electrode for xFFC using HCOOH as fuel. A comparison between the
performance of HCOOH based cell published in the literature and the
current work is presented in Table 1.

To understand the oxidation of HCOOH and reduction of KMnO,4 on
Ni, the cyclic voltammograms of HCOOH (2.1 M) and KMnO, (0.15 M)
in 0.5 M H,SO,4 are recorded and the results are shown in Fig. 6.
HCOOH shows an oxidation peak at ~0.23 V (vs Ag/AgCl). Two path-
ways are proposed in the literature for the electro-oxidation of HCOOH
[26]. The direct pathway follows:

HCOOH — CO, + 2H" + 2¢™. (1)

In the indirect pathway, CO is formed as an intermediate at lower
potential, which further undergoes oxidation at higher potential
according to [27]

HCOOH — CO(*) + H,0 — CO, + 2H" + 2¢™. (2)

In general, the direct pathway is more favorable than the indirect path-
way, however, strong binding of CO leads to indirect pathway [28]. In
Fig. 6a before the peak at 0.23 V, a shoulder is observed in the anodic
scan, which probably indicates the occurrence of indirect pathway in
this case. The shape of the voltammogram for the forward scan is con-
sistent with HCOOH oxidation on Pt and Pd [26]. The broad peak
(0.1-0.15 V) observed during the cathodic scan is due to the evolution
of hydrogen, which results from the reduction of H' ions. The CV of
KMnO, (0.15 M) given in Fig. 6b shows a reduction peak at —0.93 V
(vs Ag/AgCl). In acidic medium the permanganate ion is reduced to
Mn%**. The oxidation peak is absent for KMnO,. The shape of the
voltammograms in Fig. 6 clearly indicates that oxidation HCOOH and
reduction of KMnO, in acidic medium are irreversible processes.

The chrono-amperometric plots of HCOOH (2.1 M) and KMnO,4
(0.15 M) in 0.5 M H,SO, are shown in Fig. 7. For HCOOH the potential
is stepped from 0.06 V to 0.23 V. From the CV of HCOOH (Fig. 6a) it
can be seen that 0.06 V corresponds to a region of low current (low far-
adaic activity). As soon as the potential is stepped to 0.23 V, the fara-
daic process becomes significant and the current shoots up. However,
the current eventually becomes zero at 0.23 V. Two different scenarios
can lead to zero current, i) as time progresses, the depletion region of
HCOOH increases, and the flux to the electrode surface becomes neg-
ligible, which leads to zero current [29], ii) the entire HCOOH is oxi-
dized as this is an irreversible reaction. No visible deposit on the
electrode surface was observed for the oxidation of HCOOH.

A similar behavior is observed in Fig. 7b for the case of KMnO,. The
potential is stepped from —0.5 V to —0.94 V. From the CV it can be
seen that KMnO, reduction peak occurs at —0.94 V. At —0.5 V, the
faradaic activities are low, and therefore, the resulting current is also
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Table 1
Performance of HCOOH yFFC reported in literature.
HCOOH Oxidant Electrode OCVv Peak Power Ref
(Conc.) w) (mW/cm?)
21 M KMnO,4 (0.144 M) Pt 1.1 2.2 [1]
0.5 M 0O, in 0.1 M H,SO4 PtRu/C 0.75 0.58 [24]
0.5 M 0.01 M H,0, in 0.1 M H,SO4 PtRu/C 0.65 1.98 [24]
0.1M 0O, in 0.5 M H,SO4 Pd/MWCNT 0.9 3.2 [23]
0.5 M O, in 0.5 M H,SO4 Pd/MWCNT 0.9 2.2 [23]
0.1 M 0O, in 0.5 M H,SO4 Pd/C, Pt/C 0.9 4.6 [25]
0.5M 0, in 0.5 M H,SO,4 Pd/C, Pt/C 0.9 5.3 [25]
0.1 M H>0, in 0.5 M H,SO4 Pd/C, Pt/C 0.7 3.6 [25]
0.5 M H,0, in 0.5 M H,SO, Pd/C, Pt/C 0.7 4.5 [25]
10% 0.144 KMnO4 Pt 1.0 0.68 [18]
0.5 M Air Pd 0.85 18 [9]
21 M 0.144 KMnO, in 0.5 M H,SO4 Ni 1.3 2.7 This work
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low. In fact, as time progresses, the faradaic current at —0.5 V

approaches zero. As soon as the potential is stepped to —0.94 V, the
current jumps to a higher value due to the increased reduction rate
of KMnQ,. Just like in the case of HCOOH, the current starts to

decrease. In 50 min, the current decreased from 0.005 A to 0.001 A.

If we leave the system for a longer time, the current will eventually
approach zero. The fluctuations observed in the case of KMnO, are

probably due to the deposit formation. A comparison between
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Fig. 7a and 7b concludes that KMnO, reduction is a much slower pro-
cess compared to the oxidation of HCOOH.

To understand the morphology and chemical characteristics of the
deposit, they are subjected to SEM analysis. The SEM images of the
deposit scraped off from the Ni wire are shown in Fig. 8 and that of
the Ni wire with the deposit is shown in Fig. 9. It can be observed from
the SEM images that the deposit is porous. Fig. 8, shows bead-like
structures with no sharp edges. A change in the surface morphology
of Ni wire is not observable in the SEM analysis.

The elemental mapping obtained from the EDS analysis of the sam-
ple presented in Fig. 9 is shown in Fig. 10. The presence of Mn, O, S, K,
and Ni can be seen from the mapping. In the deposit, Mn and O form
the major elements (Fig. 10(f)). Minor amounts of K, Ni, and S are also
observed in the deposited sample. Both Mn and K result from KMnOj,.
The Ni present in the deposit is probably leached out by H,SO, from
the wire surface. The only source of S is H,SO4, which is used as an
electrolyte and mostly deposited as sulfate (K;SO4) [9]. The presence
of oxygen in the oxide of Mn and sulfate of K leads to the presence
of O in the EDS data. Although the SEM analysis of the bare wire does
not show any change in morphology, the EDS analysis of the bare wire
surface shows the presence of Mn, S, and O. However, on a much lower
level, for instance, EDS analysis of the bare wire surface shown in
Fig. 9(b) resulted in 92% Ni, 1.5% Mn, 1.5% S and 5% O. Fig. 10(c)
shows that highest Ni concentration is on the bare wire.

The weight percentages of different elements found on the bare sur-
face and the deposit are presented Table 4.

XRD of the deposit that is scrapped off from the Ni electrode after
the experiments are shown in Fig. 11. The noise in the data is due to
the non-crystalline nature of the deposit. Unlike EDS, the XRD analysis
could only detect MnO, in the deposit. The absence of K,SO4 and Ni is
probably due to the very small quantity of them being present in the
sample. The reflections observed at 20 = 12.7°, 18.3°, 28.2°, and
37.6°% 42.1°, 49.2°, 55.2°, 60.3°, 65.8°, and 69.7° correspond to MnO,
(pdf = 05-001-0216, 00-044-0141 and 00-044-0142).

The Nyquist plots at open circuit potential and at part load condi-
tion of 0.6 V are shown in Fig. 12. Only one semicircle is visible in both
cases. However, Fig. 12b shows the occurrence of Warburg impedance.
Since the semicircles are depressed, the interface capacitance is not
ideal and it’s probably the surface characteristics of the electrode that
results in the depressed nature of semicircles. If the cathodic and ano-
dic processes had different RC time constants, then two distinct semi-
circles would have emerged in the frequency response analysis. The
occurrence of a single semicircle, therefore, indicates that either the
RC times constants are similar for both the electrodes or the charge
transfer resistance of one of the electrodes is much smaller than the
other. At low currents i.e close to OCV, the activation losses are dom-
inant and the kinetics is slow, therefore, OCV conditions lead to a
much higher polarization resistance than part load conditions. At part
load conditions, the charge transfer kinetics are much faster and there-
fore the polarization resistance decreases. In the case presented here,
the polarization resistance of the cell at OCV is seven times higher than

—— o
10um 2023.01.03

15.0kV x1,000
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part load conditions of 0.6 V. The characteristic times constant at OCV
is 5.1 ms and that at 0.6 V is 0.2 ms, indicating that the electrode pro-
cesses at 0.6 V are much faster than that at OCV.

The Bode plots corresponding to conditions at OCV and 0.6 V are
shown in Fig. 12c and Fig. 12d respectively. At high frequencies, the
interface capacitance has very low impedance and therefore, all the
current passes through the capacitive element and the resistive contri-
bution is only from the solution resistance (anolyte and catholyte).
Since there is insignificant interface capacitance at high frequency,
the phase angle is close to zero. As the frequency decreases, the contri-
bution from the interface capacitance increases, and the phase shift
starts to decrease. At low frequencies, the impedance due to interface
capacitance is very high; therefore, the current bypasses the capacitive
element. The whole resistance is due to the faradic process and the
solution resistance. It can be seen that the phase angle returns to zero
in the case of OCV (Fig. 12c) as there is no mass transfer limitation in
this case. However, in the case of 0.6 V, the phase angle returns to
—10° after approaching zero.

The equivalent circuits corresponding to Fig. 12a and Fig. 12b are
respectively shown in Fig. 13a and Fig. 13b. The equivalent circuits are
fitted using AfterMath. A simple Randles circuit was able to reproduce
the data at OCV. Due to the depressed nature of the semicircle, a con-
stant phase element is (CPE) used instead of an ideal capacitor. The
constant phase element is expressed as Q = Q'(jw)“. The values used
for the circuit elements to fit the data are shown in Table 2.

It can be seen from Fig. 12b that the Warburg impedance observed
is not 45° and therefore, in Fig. 13b, two parallel Warburg elements
are used to fit the data, of which one corresponds to short Warburg
(W5s) and the other corresponds to open Warburg (Wy). Both these ele-
ments were required to get a slope that is less than 45 °. A single War-
burg element (either Ws or Wy) leads to an angle of 45°. The
impedance contribution due to Wg and Wy, is defined as follows

Zw, = \?}%tanh(Bs\/j;) 3)
and
Zy, = % coth(Bo+/jo) 4)

The parameter values corresponding to Fig. 13b are given in Table 3.
The a value (for CPE) is close to zero indicating that the electrode sur-
face behaves more like an ideal capacitor in this case. Although the
equivalent circuits were able to reproduce the experimental observa-
tions, no information about the relaxation frequencies of the anodic
or cathodic processes could be identified from the Nyquist plots. There-
fore, DRT calculation of the impedance data is performed using RelaxIS,
which is based on the work of Wan et al. [30]. The DRT plots are given
in Fig. 14 The DRT is able to identify the relaxation times of the anodic
and cathodic processes at OCV as well as at part load condition of 0.6 V.
At OCV the anodic process has a time constant of 4 ms and the cathodic
process has a time constant of 0.84 s. The relaxation times are different

Fig. 8. SEM images of deposit at different magnification. The deposit was taken off the Ni wire for imaging.
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Fig. 9. SEM images of the Ni wire with deposit at different magnifications.

(d) (e) Y

Fig. 10. Elemental mapping from the EDS analysis.

Table 4 . . " L . \ )
EDS analysis of bare electrode surface and the deposit & MuOs
Elements Bare surface Deposit *
wt% wt%
o) 5.3 22.9 =
s 11 7.2 pt
Mn 15 57.3 = .
K - 36 = ¢
. @ .
Ni 92.1 9.0 5 * e ¢ o ¢
=
at part load conditions, which is due to the occurrence of charge trans-
fer reactions. For the polarized cell, the relaxation time for the anodic
process decreased to 18 ms and that of the cathodic process increased : . ' : : : :
10 20 30 40 50 60 70 80
to 4.3 s. 2g/ ©
The chronoamperometric response of the cell under an applied
potential of 0.6 V is shown in Fig. 15. On average, the cell delivers a Fig. 11. XRD pattern of the deposit.
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(d) Bode plot at 0.6

Fig. 12. Complex plane plot at OCV and 0.6 V and the corresponding Bode diagrams.
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Fig. 13. Equivalent circuits used for fitting the impedance data at OCV and 0.6 V.

Table 2

Model parameters used to fit the complex plane plot presented in Fig. 12a.
Parameter Value
Ry (Q) 15.78
R, (©) 1074.28
Q 1.44x107°
a 0.78
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Table 3

Model parameters used to fit the complex plane plot presented in Fig. 12b.
Parameter Value
Ra (@) 14.68
R, (Q) 115.42
Q 3.5x10°°
a 0.002
Ao (Q/s1/2) 21721
Bo 1.44
As (Q/s11%) 23548
Bs 0.031
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Fig. 14. Distribution of relaxation times at OCV and 0.6 V.
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Fig. 15. Chronoamperometry at 0.6 V.

current density of 3.5 mA/cm?. The drop in the performance of the cell
is at a rate of 4x10~°> mA/cm? per second towards the end of measure-
ment time. The cell delivers a moderately high and fairly stable current
for 10 min., indicating that it can be used in applications such as diag-
nostic devices, where fast response or display is needed for a short
time.

5. Conclusions

A 3D-printed membrane-less cost-effective pFFC with trident-
shaped channels was successfully developed and demonstrated. The
cell employed Ni wires that performed dual functions of current collec-
tor and electrode. Formic acid in 0.5 M H,SO,4 served as the anolyte
and KMnO, in 0.5 M H,SO, served as the catholyte. In addition to
the anolyte and catholyte, a third stream of 0.5 M H,SO, is flown
between the anolyte and catholyte stream to reduce the fuel and oxi-
dant crossover. An increase in HCOOH concentration for a given
KMnO, concentration lead to a decrease in OCV and an increase in
KMnO, concentration for a given HCOOH concentration lead to an
increase in OCV. The cell under optimum conditions produced a peak
power density of 2.75 mW/cm?. The cathode after the experiment was
found to be covered with a dark brown precipitate. The EDS analysis of
the precipitate shows the presence of Mn, Ni, K, and S. Mn is deposited
as MnO, and K and S result from the deposition of K,SO,. However,
the XRD analysis of the deposit couldn’t detect the presence of
K,S0,4. Cyclic voltammetry and chronoamperometry were conducted
to understand the oxidation and reduction behavior of HCOOH and
KMnO, respectively in acidic medium. HCOOH follows an indirect

pathway for oxidation. The absence of a reduction peak for HCOOH
and an oxidation peak for KMnO, shows that the reactions are irre-
versible. Impedance studies revealed charge transfer kinetics to be fas-
ter under part-load conditions compared to OCV and the redox process
is found to be also diffusion-controlled under part-load. The DRT stud-
ies could identify two different relaxation times for the anodic and
cathodic processes. The relaxation times obtained from DRT show that
HCOOH oxidation is faster than KMnO,4 reduction, which is further
confirmed by the chronoamperometry studies. The pFFC is capable
of delivering a maximum power density of 2.1 mW/cm? and a stable
current of 3.5 mA/cm? at 0.6 V for a duration over 10 min., which
highlights the potential it has for many practical applications.
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