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ABSTRACT: Membraneless microfluidic fuel cells (MFCs) have garnered 1000
tremendous interest as micropower devices, which exploit the colaminar
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nature of two aqueous electrolytes to separate the anode and cathode and S0 PS5O o
avoid the membrane usually used in a fuel cell. Our previous research shows _ / /‘\ \ s
that the performance of FeCl;-based MFCs with catalyst-free cathodes is & 61 —, ‘\ * oo =
mainly limited by the cathode. To improve the power output of these MECs, £ =
we activated the carbon paper cathode by an electrochemical method in the £ - * 100 §
three solutions (Na,SO,, NaOH, and H,SO,) to improve the electro- & g
chemical characteristics of the carbon paper cathode. The surface 200 Lo @
functionalities and defects, reduction activation of iron ions as the oxidant,
cathode resistance, and performance of FeCl;-based MFCs were measured 0 r T r r T 0
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and compared. Our work shows that the electrochemical activation of the
carbon paper in different solutions is a simple and effective method to
enhance the electrochemical characteristics of the carbon paper cathode and improve the performance of the FeCl;-based MFC.
Also, the MFC with the carbon paper cathode activated in the H,SO, solution reaches the optimum performance: 235.6 mW cm™>
in volumetric power density and 1063.33 mA cm™ in volumetric limiting current density, which are 1.58 and 1.52 times as much as
that of a MFC with an untreated carbon paper cathode, respectively. This best performance can be attributed to the cathode
activated in the H,SO, solution with the largest number of oxygen-containing functional groups, the largest electrochemical active
surface area, strongest reduction of iron ions, and least resistance of the cathode.

Current density (mA cm™)

1. INTRODUCTION

Microfluidic fuel cell (MFC) is regarded as the next-generation
micropower generator for portable electronics.” MFCs utilize
the unique feature of co-flowing of two fluids in the
microchannel, and the liquid—liquid interface serves as the

been applied in many fields and reported in several reviews as
electrocatalysts for the oxygen reduction reaction (ORR),
oxygen evolutlon reaction (OER), and hydro§en evolution
reaction (HER)'” and aqueous flow batteries'” and electro-
chemical storage. * The electrochemical activation, as a simple
and effective method, also has been widely applied to treat

separator, usually used in the conventional fuel cells.” These
membraneless structures of MFCs not only reduce the cost
and simplify the cell design but also eliminate the problems
caused by the membrane, such as water management,
membrane degeneration, and fuel crossover.”>

Electrode materials are critical for the performance of MFCs
as the sites of electrochemical reactions, the access of reactant
delivery, and the media of electron collection. However,
carbon fiber materials as electrodes endow some intrinsic
weaknesses such as insufficient oxygen-containing groups on
the surface and inadequate accessible surface areas, which
result in the inferior physical and electrochemical character-
istics of the electrodes themselves.* To improve the physical
and electrochemical characteristics of the carbon fiber
materlals, various activation methods, including heteroatom
dopmg, surface functionalization,”® defects and edge
tailoring,” and porous structure and morphology engineer-
1ng,10 " have been reported. Activated carbon electrodes have

© 2021 The Authors. Published by
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commercial carbon fiber materials."*'® It has been reported
that acids (HNO,, H,SO,/HNOQ; mixture, and H;PO,),"*™"*
alkali (NaOH and KOH),'”*° water-soluble salts (Na,SO,,
K,CO;), and other reagentszL22 are used as electrolytes for
electrochemical modifications.

In MFCs, man ny oxidants have been studied, such as air,
H,0,* ClO~,*° KMnO,,”” VO,"*® and Fe***”?° These
oxidants of O,, H,0,, ClO7, and Cr,O,™ require noble or non-
noble metals as catalysts to obtain better oxidability. Some
oxidants of KMnO, and VO," do not need a catalyst but have

23,24
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Figure 1. Schematic figure of the MFC using the flow-through carbon paper electrode ((a) explosive view of the MFC design and (b) top view of

the lower plate of the MFC).

their own disadvantages when used in MFCs. The reduction
product of KMnO, is MnO, granules, which can attach onto
the electrode surface and block the transport of the oxidant to
the electrode. VO,* with its toxicity can pollute soil and water
resources. Also, it is reported that the exchange current density
of the iron redox pair (107> A cm™2) is several orders of
magnitude higher than that of the oxygen gas (107'° A
cm~2).*! The adoption of iron chloride as the oxidant in MFCs
has distinct advantages of safety, environmental friendliness,
and operation without the need for cathode catalysts. Our
previous study shows that the performance of FeCl;-based
MECs is mainly limited by the cathode. Carbon fiber paper has
been widely used as the electrodes of MFCs. Thus, it is
indispensable to activate the carbon paper adopted as cathode
electrodes of the MFCs. The commercial carbon paper by a
simple electrochemical activation in different solutions as
cathode materials of MFCs has not been studied thoroughly.

In this work, we first performed the activation of the carbon
paper electrode by the electrochemical methods in three
different fluids: (1) the neutral solution (Na,SO, solution),
(2) the alkali solution (NaOH solution), and (3) the acidic
solution (H,SO, solution). Three activated carbon paper
electrodes were adopted as the cathode materials of a MFC
with formic acid (HCOOH) as a fuel and iron chloride
(FeCly) as an oxidant. Then, the diversified physical character-
izations of the varied cathode electrodes were investigated to
gain the surface morphologies, functional groups, surface
defects, and hydrophilicity of the various cathode electrodes.
Meanwhile, detailed electrochemical experiments such as cyclic
voltammogram (CV) and electrochemical impedance spec-
troscopy (EIS) measurements were performed to obtain the
reduction activity of Fe’" ions and cathode resistance,
respectively. Finally, the performances of the MFC with the
three groups of cathodes were compared, and the performance
of the MFC with the carbon paper activated in the H,SO,
solution was found to be optimum. From the physical and
electrochemical results, we can attribute the best performance
to the advantages of the abundant oxygen-containing
functionalities, surface defects on the carbon fibers, electro-
chemically active surface area (EASA), and cathode resistance.

2. EXPERIMENTAL SECTION

2.1. Electrode Materials. The anode and cathode
electrodes used in the experiment were both carbon paper

(HCPO020N; Shanghai Hesen Electric Co. Ltd., China). The
size of each electrode was about 200 ym (thick) X 1.5 mm
(wide) X 15 mm (long). In consideration of the overlap
between the electrode clamp and electrode, the exposed
electrode size of the anode for the electrodeposition and
cathode for the electrochemical activation was 200 um (thick)
X 1.5 mm (wide) X 10 mm (long).

As the cathode electrode, the carbon paper was activated by
the identical current density (30 mA cm™) and the same
treatment time (30 min) at ambient temperature in the
different solutions. The treatment experiment was accom-
plished by the electrochemical workstation (ZENNIUM,
Germany) in a three-electrode measurement mode. The CP,
CP-Na,SO,, CP-NaOH, and CP-H,SO, electrodes were used
to represent the carbon paper electrode without any treatment
and the carbon paper activated in 0.5 mol L™' Na,SO, (pH =
6.8), 1 mol L' NaOH (pH = 14), and 0.5 mol L™! H,S0O,
(pH = 0) solution, respectively. The pHs of the solutions were
measured by FE20 pH meter (Mettler Toledo). After
treatment, the carbon paper electrodes were washed with
plenty of deionized water until the solution on the surface of
the carbon paper was neutral (pH ~ 7). Finally, the carbon
paper electrodes were dried at 60 °C in a drying oven for 24 h
before use.

As the anode electrode, the untreated carbon paper was
loaded with palladium nanoparticles as the catalysts. The
electrodeposition was also conducted by the electrochemical
workstation in a three-electrode system. The palladium catalyst
was electrodeposited at 0 V vs Ag/AgCl (in saturated KCI,
0.198 V) until the palladium catalyst loading was 5 mg cm™
under the assumption that the Coulombic efliciency was
60%.%>** The detailed surface morphologies and crystal size of
the anode palladium catalysts can be found in our previous
research.””°

2.2. Electrode Characterizations. The Hitachi field
emission scanning electron microscope (FESEM; SUS8020,
Japan) was employed to observe the surface morphologies for
the carbon fibers of the four samples. To gain distinct images, a
thin gold film was sprayed on the surface of each sample before
the observation.

The Nicolet Fourier transformed infrared spectroscopy
(FTIR; Nexus 410, GMI Inc.) was adopted to determine the
functional groups on the surfaces of the four samples. Before
the FTIR test, each cathode paper was crushed into powder

https://doi.org/10.1021/acsomega.1c02507
ACS Omega 2021, 6, 19153—-19161


https://pubs.acs.org/doi/10.1021/acsomega.1c02507?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02507?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02507?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02507?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02507?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

3.0kV 6.4mm x10.0k SE(M

Figure 2. FESEM figures of carbon fibers of the four cathodes with 10000X magnification: (a) CP, (b) CP-Na,SO,, (c) CP-NaOH, and (d) CP-

H,SO,. Scale bar: 5 um.

form, respectively. Then, about 0.5 mg carbon and 40 mg
potassium bromide powders were fully mixed, and the mixed
powder was squeezed into a disk to conduct the FTIR
measurement. The FTIR spectrum curves were obtained by
the accumulation of 32 scans with a 2 cm™ spectral resolution.

Thermo X-ray photoelectron spectroscopy (XPS; ESCALAB
250XI) was used to determine the composition on the surfaces
of the four samples with an Al Ka radiation source (1486.6
eV). Xpspeak 4.1 software was adopted to analyze the XPS
spectra.

The Raman spectrometer (Renishaw inVia, U.K.) was
employed to measure the degree of surface defect of the
carbon paper with a 532 nm excitation wavelength.

The contact-angle goniometer (OCAS0, Germany) was used
to gain the surface hydrophilicity of the paper samples. During
this measurement, the ultrapure water was carefully dropped
onto the sample surface.

2.3. MFC Setup and Operations. The MFC was mainly
comprised of the two poly(dimethylsiloxane) (PDMS)
substrates. There were two 3 mm holes as the inlets and two
3 mm holes as the outlets in the upper plate. There existed
three channels in the lower plate: the one in the middle of the
plate as the main flow channel and the other two as the
electrode channels. Before the assembly of the MFC, the
cathode and anode electrodes were carefully placed in the
electrode channel, respectively. The titanium foil (0.25 mm in
thickness) was adopted as the current collector, touching the
front section (S mm in length) of the electrodes to collect the
electrons from/to the electrodes. Therefore, the actual working
electrode size was ~200 ym in thickness, 1.5 mm in width, and
10 mm in length. Figure 1 shows the schematic figure of our
MFC. The MFC assembly processes can be found in our

previous report”””" and in the Supporting Information in
detail.

The anolyte used in the experiment was composed of 1 M
formic acid (the fuel) and 1 M sulfuric acid (the supporting
electrolyte) solutions. The catholyte was made of 0.2 M FeCl,
(the oxidant) and 1 M HCI (the supporting electrolyte)
solutions. The anolyte and catholyte fluids were simultaneously
injected by the LSP02-1B Longer syringe pump (Baoding,
China) with the double channels to deliver into the inlets,
through the electrodes and the main flow channel, and finally
removed from the outlets to the waste liquid reservoir. During
the whole experiment, the flow rates of the solutions were kept
at 20 mL h™".

2.4. Electrochemical Measurements. All of the electro-
chemical experiments were accomplished by the ZENNIUM
electrochemical workstation. The electrochemical measure-
ments, mainly including the cyclic voltammogram (CV) and
electrochemical impedance spectroscopy (EIS) measurements,
were carried out in the three-electrode mode. The activated
carbon paper served as the working electrode, and a Pt sheet
(20 mm X 50 mm) and a saturated Ag/AgCl electrode (0.198
V vs standard hydrogen electrode (SHE)) were used as the
counter electrode and the reference electrode, respectively. To
investigate the reduction of the oxidant on the different
cathode electrodes, CV experiments were carried out between
0.0 and 1.0 V vs Ag/AgCl at a scan rate of 10 mV s™". The EIS
measurements were performed in a frequency range of 100
kHz and 100 mHz with an excitation signal of 5 mV under
open-circuit potentials (OCPs). The CV and EIS experiments
were all conducted in a catholyte made of 0.2 M FeCl; and 1
M HCI solution.

The polarization curves of the MFCs with the varied
cathodes were obtained by the chronoamperometry method

https://doi.org/10.1021/acsomega.1c02507
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with a series of potentiostatic operations from the OCP to 0.0
V with a decrease of 100 mV per operation. It was kept for 180
s at each cell voltage, while the currents at each steady voltage
were recorded. At the same time, the cathode potentials were
monitored and noted down, as values vs saturated Ag/AgCl
reference electrode deposited at the catholyte outlet. The
anode potentials were gained through cathode potentials
minus the cell voltages. In the MFCs adopting the flow-
through electrodes, there was some discrepancy in the area to
gain the current and power density, whether the projected
electrode area or the area cross-sectional to the reactant flow.
To avoid ambiguity, we adopted the volumetric current density
and power density based on the actual volume of the electrode
(0.003 cm®) to compare the performance of the MFCs.*”*°

To obtain reliable experimental results, all experiments were
performed at least three times and processed at a room
temperature of about 293 K.

3. RESULTS AND DISCUSSION
3.1. Surface Morphologies by SEM. The surface

morphologies of the carbon fibers from the four cathodes

CKLL O1s C1s

CP-NaOH I ‘

CP-Na SO, l

Intensity
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.

T
400

L\

T T
600 200

Binding energy (eV)

T T T
1200 1000 800 0

Figure 3. XPS spectrum curves of the four electrodes.

were seen in the FESEM images (Figure 2). All of the fibers
showed the same diameter of about 7 um. It could be
obviously seen that all three treated carbon paper displayed
much rougher surfaces with many deep ditches after the
treatment, while the untreated carbon paper showed a smooth
surface. This means that the electrochemical treatment of the
carbon paper can etch the carbon fibers and also implies that
the surfaces of the treated electrodes have been increased. In
addition, it is worth noting that the CP-NaOH and CP-H,SO,
electrodes both demonstrated a much deeper and more
thorough degree of etching compared with the CP-Na,SO,
electrode. This indicates that the effects of electrochemical
treatment in an alkaline or acidic solution are better than that
in a neutral solution.

3.2. XPS Results. In the FTIR results (Figure SI,
Supporting Information), all of the sample electrodes can be
seen to display five vibrational peaks, suggesting that the types
of the functional groups are the same for the four samples. To
quantify the surface functional groups of the four electrodes,
the XPS measurements were performed, as shown in Figure 3.
As seen in Figure 3, all four samples show two distinct peaks:
one stronger peak for C 1s at a binding energy of about 285 eV
and the other strong peak for O 1s at about 533 eV. The
binding energy of 284.8 eV of the major C 1s peak was taken
as the reference to calibrate all spectra.

To obtain the individual contents of the surface functional
groups, Xpspeak 4.1 program was used to deconvolve the two
strong C 1s and O 1s peaks, as shown in Figure 4. Curve
deconvolution was performed following a Shirley-type back-
ground subtraction with a Gaussian—Lorentzian function as
the fitting method. The contents of each surface functional
group for the four electrodes can be obtained from Figures 3
and 4 by calculating its relative peak area; the results are
displayed in Table 1.

From Figure 4, the intensity of the main O 1s peak at ~533
eV increases, while that of the main C 1s peak at ~284.8 eV
decreases according to the sequence: CP, CP-Na,SO,, CP-
NaOH, and CP-H,SO,. This variation tendency indicates that
the O element content and O/C ratio increase in accordance
with the above sequence. It is verified from Table 1 that the O
content of the CP-H,SO, electrode reaches 15.80% from

284.8 eV
graphitized carbon

285.7 eV

defects 286.2 eV

/ C-O

C1s O1s

(a)
(b) J&&
© N~

(d)

T T T
284 285 286 287

Binding energy (eV)

532.7eV
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Figure 4. XPS analysis of C 1s and O 1s peaks for the four cathodes: (a) CP, (b) CP-Na,SO,, (c) CP-NaOH, and (d) CP-H,SO,.
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Table 1. Contents of Surface Elements and Oxygen-Containing Groups on the Four Samples

C content graphitized carbon content O content o/C O—H content H—-O-—H content C=0 content
samples (2, %) (2, %) defects (2,0 %) ratio (2, %) (2, %) (2,0 %)
CP 91 70.12 16.78 8.67 0.12 6.19 1.13 1.34
CP- 89 60.48 21.89 11.30 0.19 7.91 1.63 1.76
Na,SO,
CP-NaOH 86 55.75 22.21 13.40 0.24 9.68 1.85 1.87
CP-H,SO, 84 52.48 25.51 15.80 0.30 11.28 2.30 2.22
16
| —=—cCpP
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Figure 5. Raman spectra for the four carbon paper electrodes: (a) CP,
(b) CP-Na,80,, (c) CP-NaOH, and (d) CP-H,SO,.

Figure 7. Nyquist plots of the different cathodes under the open-

circuit potentials.
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Figure 6. CV results for the four cathodes in the catholyte solution at
a scan rate of 10 mV s™",

8.67% of the CP electrode after the activation. Correspond-
ingly, the O/C ratio of the CP-H,SO, electrode increases to
0.30 from 0.12 of the CP electrode. This reveals that the
electrochemical activation of the carbon paper could introduce
the functional groups on the carbon fiber surfaces.

As shown in Figure 4, the deconvolution of the C 1s spectra
yielded three peaks. The three peaks can be attributed to the
graphitized carbon of graphitic carbon (C=C) and the
hydridized carbon (C—C) at ~284.8 eV, surface defects on
the carbon fibers at ~285.7 eV,** and the carbon in the —OH
groups (C—OH) at ~286.2 V. The deconvolution of the C
1s spectra presents the decreased graphitized carbon content
after the treatment. In addition to a decrease in the graphitized

Current density (mA cm®)

Figure 8. Power density plots and polarization plots of the MFCs with
the different carbon paper cathodes.

Table 2. Cathode Resistances Estimated from the Nyquist
Plots

cathode R (@) Ry (@) Ry (@) R (@)
CP L1 4.8 4.8 107
CP-Na,SO, 1.1 4.1 40 92
CP-NaOH 1.1 32 32 7.59
CP-H,80, 11 LS 2.0 4.6

19157

carbon content, the defect peak reveals an increase after
treatment, which can be confirmed from the FESEM images.

Meanwhile, the deconvolution of the O 1s spectra produced
three peaks: C=0 (531.1 eV), —OH (532.7 V), and H-O—
H (5342 eV, the adsorbed water molecules) functional
groups.‘%’37 Among these oxygen-containing groups, the
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Figure 9. Electrode potentials of the MFCs with the different carbon
paper cathodes.

Table 3. Limiting Current Densities and Maximum Power
Densities of the MFCs with the Different Cathodes

cathode limiting current density maximum power density
electrode mA cm ™) (mW cm™)
CP 700 149.23
CP-Na,SO, 823.33 162.59
CP-NaOH 940 191.33
CP-H,SO, 1063.33 235.6

—OH functional groups play a vital role in the electron transfer
between the electrolyte and carbon materials as the active
sites.”®*” As seen in Table 1, the —OH group content occupies
the largest proportion in the three functional groups and
obviously increases from 6.19% in CP to 11.28% in CP-H,SO,.
The C=O functional groups mainly stem from further
oxidization of —OH groups when the fragments of C=C
bonds are broken under the condition of strong oxidation.””
The C=0 group contents are as follows: 1.34% (CP), 1.76%
(CP-Na,S0O,), 1.87% (CP-NaOH), and 2.22% (CP-H,SO,).
From the variation trend in the content of the —OH and C=
O groups, it is concluded that the electrochemical activation in
the H,SO, solution can introduce the most oxygen-containing
groups. Moreover, the change of the water content absorbed
on the carbon fiber surfaces is in accordance with that of the
—OH group content, displayed in Table 1. This means that
surface polarity and hydrophility on the carbon fibers both can
be improved by electrochemical activation. The hydrophilicity
of the carbon fiber samples is verified by the contact angle
measurements (Figure S2 for CP electrode, Videos S1, S2, and
S3 for CP-Na,SO,, CP-NaOH, and CP-H,SO,, respectively,
Supporting Information).

In a word, after the electrochemical activation, the treated
carbon paper can introduce more number of functional groups
containing oxygen elements, which can supply more active
places and enhance the wettability of the carbon paper surface.
These improvements benefit the diffusion of the oxidant
solution. We speculate that the CP-H,SO, electrode has the
largest number of active sites as it has the largest number of
oxygen-containing functionalities anchored on its surface
among the four electrodes.

3.3. Raman Analysis. To study the surface structures of
the carbon samples, Raman spectroscopy was adopted within
the Raman shift of 500—2500 cm ™', and the Raman spectra are
presented in Figure S. All samples showed two distinct peaks.
The two distinct peaks at 1350 and 1600 cm™' are
corresponding to a disordered amorphous carbon (D band)
and a graphitic carbon (G band), respectively.*” The intensity
ratios of the D band to G band (Ip/I;) were adopted to
estimate the surface defect degree of these four samples.*' The
values of Ip/I; for the CP, CP-Na,SO,, CP-NaOH, and CP-
H,SO, electrodes were calculated to be 0.95, 1.06, 1.09, and
1.11, respectively. The larger values for the activated electrode
suggest that these electrodes possess more disordered
characteristics and defects on the surface compared with
pristine CP, which correspond with the FESEM results.

3.4. CV Results. To estimate the accessible surface areas of
the four different cathodes, the CV measurements in 0.1 M
LiClO, + S mM K;[Fe(CN)] solution were carried out with
varied scanning rates (Figure S4). By calculation, the
quantitative EASAs for the CP, CP-Na,SO,, CP-NaOH, and
CP-H,SO, electrodes were 0.32, 0.35, 1.41, and 1.73 cm?,
respectively. It can be observed that the EASAs of all of the
activated electrodes are higher than that of the CP electrode,
suggesting that the treated electrodes could provide a more
ion-accessible surface area and enhance the power density. The
highest EASA of the CP-H,SO, electrode indicates that the
electrode possesses the most available surface area for the
transportation of the reactant ions, thereby improving power
output.

To study the redox electrochemical activity of Fe** ions on
the various cathodes, the CV measurement experiments for the
four different cathodes in catholyte solutions were performed.
The CV plots of the CP, CP-Na,SO,, CP-NaOH, and CP-
H,S0, cathodes conducted in catholyte (0.2 M FeCl; + 1 M
HCI solutions) are shown in Figure 6. The reduction peak
current density of the CP-H,SO,, CP-NaOH, and CP-Na,SO,
cathodes were 112.6, 89.8, and 67.3 mA cm™>, respectively,
which was much larger than that of the CP cathode (44.9 mA
cm™?). The incremental currents undoubtedly testify that Fe**
ions are prone to take the reduction reaction at the surface of
the activated carbon paper electrodes. The improved reduction
can be attributed to two aspects: the augmentation of EASA

Table 4. Characteristics and Performance Summary of Some MFCs

fuel/oxidant cathode catalyst electrode active volume (cm3
HCOOH/FeCly none 0.003
HCOOH/KMnO, none 0.817
HCOOH/air Pt 0.027
HCOOH/air Pd@graphene 0.00225
HCOONa/air Pt 0.0054
HCOONa/ClO~ Pd 0.0036
HCOOH/H,0, Pt 0.0035

19158

) OCV (V) I (mA) P, (mW) reference
0.88 1063.33 235.6 this work
1.2 28.16 14.74 28
~0.9 924.6 160 23
~0.7 1160 608 24
~1.0 3821 749.33 52
1.45 8000 1733 26
1.1 2142 428.6 25
https://doi.org/10.1021/acsomega.1c02507
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and the amount of functional groups containing oxygen
elements. The improved EASA significantly increases the
accessible surface area to develop —OH and C=0 groups that
produce the inner sphere action from the interaction of the
surface oxides and soluble iron ions to facilitate the electron
transfer."” Significantly, the electron transfer rate of Fe** ions is
susceptible to be influenced by the surface C=0O groups and
increases with the addition of the C=0 groups."’

3.5. EIS Results. To investigate the cathode resistance with
the different cathode electrodes, the EIS measurements were
carried out at the open-circuit potentials in the catholyte (0.2
M FeCl; + 1 M HCl solutions). The Nyquist plots of the four
cathodes obtained by the EIS electrochemical method are
shown in Figure 7.

In Figure 7, all Nyquist plots of the four cathode electrodes
consist of the semicircle part at the high frequencies and a
linear part at the low frequencies. The semicircle arises from
the charge transfer processes at the catholyte and cathode
interface.”* The linear part at the low frequencies can be
ascribed to the Warburg diffusion resistance (R;), representing
the diffusion of the ions of the catholyte in/out the interspaces
of cathodes.”*® These results suggest that the reduction of
Fe®" ions on the surfaces of the cathodes is manipulated both
by the charge transferring and diffusion processes.

The radius magnitude of the semiarc can be used to evaluate
the resistance of charge transfer reaction (Ry)."” In Figure 8,
the CP electrode has the biggest semiarc radius, suggesting that
the CP electrode has the largest R, for the reduction reaction
of the Fe*" ions. In addition, the estimated R, values decrease
according to the sequence CP, CP-Na,SO,, CP-NaOH, and
CP-H,SO,. These results show that the electrochemical
oxidation of the carbon paper electrode can effectually lower
the R, for the reduction of Fe** ions; the R, for the CP-H,SO,
electrode was the least (~1.5 Q), while the R for the CP
electrode was the largest (~4.8 Q).

R4 could be evaluated from the intersection between the
linear part and the horizontal axis at the low frequency.** The
magnitude of the Ry for the CP, CP-Na,SO,, CP-NaOH, and
CP-H,SO, electrodes are evaluated as 4.8, 4.0, 3.2, and 2.0 Q,
respectively.

The R, and R, values of the four electrodes decrease
obviously according to the order CP, CP-Na,SO,, CP-NaOH,
and CP-H,SO, owing to the increase in the EASA and
functional groups containing oxygen element on the electrode
after activation. Especially, the existence of C=O functional
groups enhances the redox reaction of Fe** ions and thus
reduces the R,. The large EASA can not only provide a large
accessible area to facilitate the reduction of Fe** ions but also
benefit the diffusion processes of the ions between the
catholyte and the CP-H,SO, electrode.

The ohmic resistance (R,) can be estimated from the
intersection of the Nyquist plots with the horizontal axis at the
high frequency.***® R, consists of the cathode electrode
resistance, catholyte resistance, and contact resistance from the
cathode and the current collector. From Figure 7, R, for the
four electrodes can be estimated to be about 1.1 Q. The
inconspicuous variation in R, shows that our activations do not
distinctly decrease the conductivity of the carbon paper
electrode.

The estimated three resistances (R, Ry, and R,) are listed in
Table 2; the total resistance (R,) of the cathode electrode can
be obtained as the sum of R, Ry, and R,. In Figure 8 and Table
2, the R, of the CP-H,SO, electrode is the least, suggesting that

the cathode resistance of the CP electrode by electrochemical
treatment is largely reduced and the effect of activation in the
acidic solution is best.

3.6. MFC Performance. To compare the MFC perform-
ance with the four cathode electrodes, the MFCs with the CP,
CP-Na,SO,, CP-NaOH, and CP-H,SO, cathodes, and anode
electrodes with the identical palladium catalyst loading were
constructed. The MFC performance curves and electrode
potentials plots are displayed in Figures 8 and 9, respectively,
and the maximum power densities and largest current densities
(limiting current densities) for these four assembled MFCs are
demonstrated in Table 3.

Among these MFCs, the one with the CP-H,SO, cathode
shows the largest volumetric peak power density and the
highest volumetric limiting current density of 235.6 mW cm™
and 1063.33 mA cm™>, respectively. The peak power density
with the CP-H,SO, cathode is about 1.58, 1.45, and 1.23 times
as much as that of the MFCs with the CP cathode, the CP-
Na,SO, cathode, and the CP-NaOH cathode, respectively.
From the figure (Figure 9) of the electrode potentials, it is
concluded that the difference in the performance of the MFCs
mainly arises from the carbon paper cathodes: the CP-H,SO,
electrode always exhibits the largest cathode potentials at the
varied current densities.

From the above discussion, the MFC with the CP-H,SO,
cathode shows the optimum performance due to the largest
number of functional groups containing oxygen elements, the
highest EASA, and the least resistance of the cathode.

The comparisons of MFC performance between our work
and that of others are shown in Table 4. In Table 4, although
the peak power density and maximum current density of our
MEC are not the largest, our MFC with iron ions as the
oxidants have some obvious advantages with environmental
friendliness, operation obviating the need for cathode catalyst,
and good solubility of itself and its reduction products. The
theoretical potential of Fe** is much lower than that of other
liquid oxidants (H,0,, KMnO,, ClO~),* so the OCV of our
MEC is almost the lowest in Table 4. The higher performance
of FeCl;-based MFCs could be obtained by adding some
chelate compounds in the catholyte to enlarge the thermody-
namic equilibrium potential range of Fe®* ions.*>"’

4. CONCLUSIONS

In this research, we adopted the electrochemical method in the
different solutions (neutral, alkaline, and acidic solutions) to
activate the carbon paper electrodes, which are usually used as
the flow-through electrodes in the MFCs. We have investigated
the surface morphologies, functional groups, degree of surface
defects, EASAs, reduction of Fe** ions, and resistances of the
carbon paper activated in the three different solutions: the
neutral, alkaline, and acidic solution. Physical characterizations
on the carbon paper surface on the four cathodes by FTIR,
XPS, and Raman measurements revealed that the CP-H,SO,
electrode had the largest number of hydroxyl and carbonyl
functional groups on its surface. CV and EIS electrochemical
experiments revealed that the CP-H,SO, electrode had the
largest EASA; the Fe3*/Fe** redox couple exhibited the
strongest reduction and the least resistance of the cathode.
With the combination of these advantages of the CP-H,SO,
electrode, the performance of the FeCl;-based MFC with the
CP-H,SO, cathode was optimum among all of the MFCs with
the activated cathodes. The maximum power density and
limiting current density were largest with values of 235.6 mW
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cm™ and 1063.33 mA cm™>, respectively, which were 1.58 and
1.52 times as much as that of a MFC with the CP cathode
electrode, respectively.

This work also reveals that it is more effective to obtain
better performance of the MFCs with the carbon paper
cathode modified in the acidic solution by the electrochemical
activation. Our results are anticipated to be practicable to other
carbon-based electrodes but the activation conditions, e.g,
solution concentrations, current density, and treatment
duration time, might be carefully regulated on a case-by-case
basis as regards the varied electrode materials.
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