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Porous carbonaceous electrodes have the potential utility as electrodes for non-aqueous VRFBs due to being inexpensive, chemically
stable, and electrochemically active. In this work, we provide insights on the electrochemical kinetics of [V(acac)3]° /[V(acac);]* and
[V(acac)3]0 /[V(acac);]~ redox reactions at freestanding sheets of multiwalled carbon nanotubes (MWCNTSs), or buckypapers (BPs),
and graphitized carbon fiber-based nonwovens papers (CPs). The use of freestanding sheets eliminates the need for a metal substrate;
thus, the true electrochemical response at these electrodes is measured. Even though porous carbonaceous electrodes provide high
surface area for the electrochemical reaction, their porous nature poses a fundamental challenge caused by thin-film-like diffusion
process; leading to a marked ohmic resistance within the pores of the electrodes. Higher current densities are obtained with the BP
electrode due to their larger surface area in comparison to the CP electrode; however, the BP electrode show less efficient kinetic
facility for the investigated redox couples as evident by electrochemical impedance spectroscopy and polarization curves results.
Charge—discharge cycling demonstrates that porous carbonaceous electrodes may require various treatments to modify the surface

chemistries to obtain improved cycling efficiencies.
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The global demand for energy has been forecasted to reach 860
exajoules by 2040,! and this increase will, in turn, require a con-
comitant increase in energy storage capacity. Redox flow batteries
(RFBs) have the potential to be a promising solution for large-
scale energy storage.” The first RFB was proposed by NASA in
the 1970s,* used iron—chromium redox chemistry, and since then
RFBs with a variety of active redox species and solvents have
been established.*> The RFBs reported to date exhibit different ef-
ficiencies, kinetics, potential windows, operating constraints, volt-
ages, and costs. Generally speaking, flow battery redox chemistry
fall into three main groups: (1) aqueous RFBs, of which the most
notable are the V/V,® Zn/Br,” Fe/V,® and Zn/Ce® systems, (2) non-
aqueous RFBs (NARFBs), of which the most notable are the V(acac);
(acac = acetylacetonate),'” Cr(acac);,'' Mn(acac)s,'”> Ru(bpy);
(bpy = 2,2'-bipyridine),'* Co(bpy)s,'* Fe(bpy)s,"> and all-organic
systems,'® and (3) semi-solid flow batteries, of which the
most notable are the LiCoO,/Li,'7 LiTi,(PO4);/LiFePO,,'® Li-PS/
Li,]g Si-C/Li,20 S-C/Li,ZI NaXNi()QzCOOAl1MI’10}6602/N3.T12(PO4)3,22
TEMPO/viologen,? LiL-S/C,** Li/O,,% all of which have been ex-
tensively reviewed in the literature.*?-3°

Aqueous all-vanadium RFBs (VRFBs), first suggested in 1985
by Skyllas-Kazacos et al.,*!*> are the most developed, having low
crossover rates, reasonable energy densities (20-35 Wh L™"),3% rea-
sonable cell peak power densities (<1340 mW cm™2),%-3% and high
energy efficiencies (EE > 80%).>*3** To further increase flow bat-
tery energy and power densities, researchers have replaced aqueous
electrolytes with non-aqueous electrolytes, allowing a high-voltage
operation per cell. For example, Liu et al. developed a non-aqueous
VRFB'? with a cell potential of 2.2 V and thus can potentially of-
fer energy densities higher than those of aqueous VRFBs,?® where
[V(acac)3]°/[V(acac)3]+ and [V(acac)3]°/[V(acac)3]_ were used as
active redox couples (Equations 1 and 2) in tetraecthylammonium
tetrafluoroborate (TEABF,) based electrolyte.

Positive Side: [V(acac)3]0 —e © [V(acao)\g]Jr
E° = 0.4VvsAg/Ag* (1]
Negative Side: [V(acac)3]0 +e < [V(acac)3]7
E°=—1.8VvsAg/Agt [2]

“E-mail: salmheiri @masdar.ac.ae

Most of the studies on non-aqueous VRFBs involved investigations of
the solvent and the membrane,**™” whilst fewer studies explored the
kinetics of the [V(acac);]°/[V(acac);]* and [V(acac);]°/[V(acac);]~
redox reactions at the electrodes. Electrode studies are important to
explore the greater opportunities that lie within NARFBs. Different
materials have different morphological and electrochemical proper-
ties toward certain redox couples, and thus will facilitate reactions
at different rates, directly impacting the amount of energy that can
be utilized per ion species at the electrode/electrolyte interface, and
in turn, can significantly affect the attainable power densities and
operational efficiencies of the battery. Liu et al.'” demonstrated that
the [V(acac);]°/[V(acac);]* and [V(acac);]°/[V(acac);]~ redox re-
actions (with a TEABF; in acetonitrile electrolyte) at a glassy carbon
electrode (GCE) were quasi-reversible, however, charge discharge
cycling showed low coulombic efficiencies (*50%) which was at-
tributed to the possibility of side reactions and/or significant crossover.
In contrast, Shinkle et al.*® suggested that both redox couples showed
Nernstian reversible behavior on glassy carbon, gold, and platinum
electrodes, whereas the gold electrode showed the highest attainable
peak currents at a given scan rate. The calculated exchange current
densities were highest for the gold electrode (8.4 Am™2), as com-
pared with the glassy carbon (1.3 Am~2) and the platinum electrode
(3.8 Am~2). The authors suggested that the improvement in reaction
rates achieved with gold was not significant, and could be surpassed
by using high surface area carbon electrodes. Moreover, a more re-
cent study by Zhang et al.** suggested a quasi-reversible behavior
with a glassy carbon electrode toward the [V(acac);]°/[V(acac);]*
and [V(acac);]°/[V(acac);]~ redox couple (with either tetrabutylam-
monium hexafluorophosphate or 1-ethyl-3-methyl imidazolium hex-
afluorophosphate in acetonitrile electrolytes), and the results high-
lighted that the improvement in reversibility of the redox reactions
was attributed to the enhancement in diffusion coefficients attainable
through the use of the 1-ethyl-3-methyl imidazolium hexafluorophos-
phate supporting electrolyte. Tables I and II summarize the previ-
ous works performed with various electrode types for non-aqueous
VREFBs.

Other researchers have investigated the use of non-vanadium
active species for NARFBs with various electrode materials, and
suggested that improvements in performance are attainable through
the use of carbonaceous materials; Park et al.'* investigated the ef-
fects of coating metal electrodes with various carbon materials (carbon
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Table I. The performance of different electrodes reported in the literature from selected charge—discharge experiments for non-aqueous VRFBs.

Electrolyte in each

Electrode/Size Cell Setup Jcharge/Jdischarge Membrane side CE (%) EE (%) Ref.
GE/15 x 3 x 25 mm H-Cell 0.1 to 1.0 mA/ AMI-7001 15 mlof 0.01 M 32 for charge - 10
0.1to 1.0 mA V(acac)3/ 0.5 M and 47 for
TEABF, discharge
GE/80 x 15 x 5 mm H-cell 1 mA/ 0.1 mA AMI-7001 15 ml of 0.01 M 53.31,57.44 - 49
V(acac)3/0.2 M (at cycles 3, 4)
TEAPF¢
GE/80 x 15 x 5 mm H-cell 1 mA/ 0.1 mA AMI-7001 15 ml of 0.01 M 46.04, 43.46 - 49
V(acac)3/0.2 M (at cycles 3, 4)
EMIPFq
GE/a =7 cm? H-cell 0.14 mA cm™2 Neosepta 10 ml of 0.05 M 70,73 (at 34 (at cycles 10, 11) 75
/0.014 mA AHA V(acac)3/ 0.5 M cycles 10, 11)
em™? TEABF,
CP/a =5 cm? Zero-gap RFB 10 mA cm™2 Nafion 25 mlof 0.1 M 91 (at cycle 5) 80 (at cycle 5) 76
with flow rate at /10 mA cm 2 V(acac)3/ 0.5 M
25 mL min~! TEABF,
Daramic 74 (at cycle 5) 68 (at cycle 5)
Neosepta 51 (at cycle 5) 26 (at cycle 5)
CF/a = 5.65 cm? Flow-through 10 mA cm™2 Nafion 25 mlof 0.1 M 90 (at cycle 5) 83 (at cycle 5) 76
with flow rate at /10 mA cm—2 V(acac);/ 0.5 M
25 mL min~! TEABF;
Daramic 81 (at cycle 5) 75 (at cycle 5)

Abbreviations: j, applied current; CE, coulombic efficiency; EE, energy efficiency; GE, graphite electrode; CP, carbon paper; CF, carbon felt. A dash (-)

indicates that the information was not reported in or could not be deduced from the reference.

black, carbon nanofiber, and graphene) toward the [Co(bpy);]*?* and
[Fe(bpy)s;]**/** redox couples, and found that the highest peak current
was given by the electrodes coated with carbon black, which was about
2 times larger than that attainable by the bare metal electrode, and was
attributed to the higher surface area offered by the carbon coating.
The electrochemical activity of carbon nanotubes (CNTs) toward the
same redox couples were also investigated by Lee et al. through the
modification of Ni foam electrodes with both bare and functionalized
CNTs.% Out of all the investigated electrodes, those modified with
nitrogen-doped CNTs showed the lowest charge transfer resistances
and the highest electrochemical active surface areas which conse-
quently resulted in the highest electrochemical reversibility, and the
highest attainable efficiencies during charge discharge experiments
(VE ~ 92% and EE =~ 80%), as compared to those obtained by pure
Ni foam electrodes (VE ~ 86% and EE ~ 74%), and the non-doped
CNT electrodes (VE ~ 90% and EE =~ 76%). This behavior was
attributed to the large surface area provided by the CNTs and the
presence of defect sites made available by the nitrogen functional

Table II. The performance of selected electrodes reported in the
literature from cyclic voltammetry experiments, performed at
room temperature, utilizing 0.01 M V(acac)z species dissolved in

acetonitrile.
Supporting

Electrode  Electrolyte D (x1078cm?s™") i, (Am™2) Ref.
GCE 0.5MTEABF;  1.8-2.9 - 10
Ag 0.05M TEABF;  3.93 8.4 48
GCE 0.05 M TEABF, 13
Pt 0.05 M TEABF, 3.8
GCE 0.5M TEABF;  0.92-1.47 - 49

0.5MEMIPF,  2.35-3.79

Abbreviations: D, Diffusion coefficient; iy, exchange-current density;
A dash (-) indicates that the information was not reported in or could
not be deduced from the reference.

groups, which in turn improved the kinetics of the redox reactions
and facilitated mass transfer at the electrode/electrolyte interface. An-
other carbonaceous material that has been explored by researchers is
graphene due to its impressive electronic conductivity and electro-
chemical activity.’! Lee et al.? investigated the effects of utilizing 3D
graphene multilayers grown on Ni-foam toward the [Co(bpy)s;]***
and [Fe(bpy);]**3* redox couples, and have demonstrated that the
electrode’s activity was improved in terms of both peak current and
peak separation during their cyclic voltammetry tests, with an increase
in the standard rate constants (k°) when 3D graphene multilayers were
present on the electrode. Moreover, their flow cell tests demonstrated
high efficiencies (VE ~ 91%, and EE =~ 82%) attainable with the 3D
graphene modified Ni-foam electrodes, which was up to 8% higher
than that demonstrated by the flow cell without the graphene mul-
tilayers. The improvement in performance was attributed to the 3D
graphene multilayer composing of many defects thus enhancing the
charge transfer at the electrode/electrolyte interface, and increasing the
number of electrochemically active sites available for the reaction. Re-
cently, Bamgbopa et al.>* demonstrated carbon paper electrode perfor-
mances toward the acetylacetonate-based Fe;/Fe, and Cr3/Cr, redox
couples, and illustrated high peak separations which were attributed
to the porous nature of the electrode. Moreover, they demonstrated a
Fe/Cr NARFB flow cell performance utilizing carbon paper electrodes
(CE =~ 99%, VE ~ 53%, EE =~ 53%).

Porous carbonaceous electrodes have the potential utility as elec-
trodes for non-aqueous VRFBs due to being inexpensive, chemically
stable, and electrochemically active. The brief review of the liter-
ature shows that, in general, researchers investigated two types of
carbon-based electrodes in NARFBs: (a) planar electrodes (e.g. GCE),
and (b) metal foam electrodes modified with carbonaceous materials
(e.g. Ni/CNTs). Carbonaceous planar electrodes do not offer enough
surface area for real battery applications, and the electrochemical
reaction at a metal foam modified with CNTs is likely to be influ-
enced by the effects of mixed kinetics due to the presence of more
than one active electrode material. Thus, in this work, we provide
insights on the electrochemical kinetics of [V(acac);]°/[V(acac);]*
and [V(acac);]°/[V(acac);]~ redox reactions at porous carbon-based
electrodes in the form of freestanding sheets; thus, eliminating the
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Figure 1. (a) MWCNTs in aggregate form (bundles) were added to a small
volume of DI water. (b) Sonication was used to de-agglomerate the MWCNTs
with the addition of DI water to increase the system volume to the desired
level. (c) The resulting suspension of homogeneously dispersed MWCNTs
in DI water was vacuum-filtered through a nylon membrane filter to sep-
arate the MWCNTs from the solution. (d) The wet BP was peeled from
the filter paper and vacuum-dried at 80°C. (e) A high-surface-area, high-
electrically-conductive BP electrode consisting of entangled MWCNTs was
obtained.

need for an underlaying metal substrate.*>> In particular, we explore
the effects of surface area utilization and the nature of the porous
structure of multiwalled carbon nanotube (MWCNT) sheets, or buck-
ypapers (BPs), and compare the results with those of a commercially
available graphitized carbon fiber-based nonwoven paper (CP) elec-
trode. In addition, we evaluate the performance of the two types of
electrodes in a flow-cell assembly with an electrolyte consisting of
V(acac); and TEABF, in acetonitrile.

Experimental

Chemicals.— Acetonitrile (anhydrous 99.8%, Sigma-Aldrich) was
dried over activated 3 A molecular sieves. TEABF, (99%) and
V(acac); (97%) were obtained from Sigma-Aldrich. Aqueous so-
lutions were prepared with ultrapure DI water (Resistivity >
18.2 M2 x cm, Purite Select Fusion).

Electrode preparation.—A commercially available CP electrode
(SGL 10AA, SGL Carbon) was used in this study. Prior to use, the
CP electrode was sonicated in a 50% nitric acid bath for 10 min,
thoroughly rinsed in high-purity DI water, and then dried at 80°C
under vacuum for 8 h. The dried electrode was then transferred to
a glove box and soaked in the support solution (0.05 M TEABF, in
acetonitrile) for at least 4 h prior to use.

A BP electrode, in the form of a freestanding sheet of MWC-
NTs, was fabricated by means of a vacuum filtration technique as
follows (Fig. 1). MWCNT flakes produced by means of chemical va-
por deposition consisting of strands with diameters ranging from 4 to
14 nm and an average length of 30 jum,>® were obtained from Applied
Nanostructured Solutions (USA).>” The MWCNTSs (0.60 g) were dis-
persed in 50 mL of DI water and sonicated for 10 min at a power of
30 W. Then the volume of the suspension was increased to 100 mL
with DI water, and the suspension was sonicated for 100 min with
pulsation (on/off ratio, 20:30). Then the suspension volume was in-
creased to 600 mL with DI water, and the suspension was sonicated
for 10 min at 30 W. The resulting stable suspension of MWCNTSs
was vacuum-filtered through a nylon membrane filter (Whatman filter
paper, 45 pm pore size, 47 mm diameter) by means of a diaphragm
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pump (Gast Manufacturing). The wet BP electrode was peeled off the
filter paper and dried in a vacuum oven at 80°C for 8 h.

Morphological and physical characterization of the electrodes.—
The morphology of the electrodes was investigated by means of field
emission scanning electron microscopy (SEM, FEI Quanta 250). SEM
images were obtained by probing the sample at a working distance of
10 mm, under high vacuum. Electrical conductivity at room tempera-
ture was measured by means of a four-probe technique with a digital
multimeter (Keysight 34465A). Physisorption of nitrogen gas was
measured at 77 K with a surface area analyzer (Quantachrome Nova
2000e). The samples were first degassed at 200°C for 6 h, and then
the surface area was estimated by means of a multipoint Brunauer—
Emmett—Teller (BET) technique; the values acquired over the linear
region (P/Py, = 0-0.35) of the adsorption isotherm. Fourier trans-
form infrared (FTIR) transmittance spectra were obtained between
the wavelength range of 500 and 4000 cm™' using a FTIR detector
under liquid nitrogen with a spectrometer (VERTEX 80 V, Bruker),
and the FTIR samples were prepared by creating pellets of KBr and
the sample in a mass ratio of 100:1.

Electrochemical characterization.—Electrochemical characteri-
zations were conducted with a Parstat MC potentiostat (Princeton
Applied Research). All experiments were performed in an argon-filled
glove box (MBRAUN LABstar) at room temperature. Cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) were
performed in a three-electrode-cell configuration with a Ag/Ag™ ref-
erence electrode (prepared from 0.1 M AgNO; and 0.1 M support-
ing electrolyte in acetonitrile) and a graphite foil (1.5 cm?, 99.8%,
Alfa-Aesar) counter electrode. The voltage drop due to internal resis-
tance (iR) was compensated for during CV acquisition using an au-
tomatic method (MC Parstat iR drop compensation based on positive
feedback), and using a manual method (obtained from the high fre-
quency region using EIS). Electrochemical impedance spectroscopy
(EIS) measurements were performed at the equilibrium potentials of
the positive and the negative electrolytes with an amplitude of 10 mV
RMS, over a frequency range between 10 kHz and 0.01 Hz. Through-
out the experiments, the geometric area of the working electrode was
maintained at 0.1 cm?, and was about 1/15 that of the area of the
counter electrode. The electrolyte consisted of 0.01 M V(acac); as the
active species and 0.05 M TEABF, as the supporting electrolyte in
acetonitrile.

For discharge polarization curve and charge discharge cycling per-
formance testing, we used a flow-cell assembly (Fuel Cell Technolo-
gies) with an electrolyte consisting of 0.05 M V(acac); and 0.2 M
TEABF, in acetonitrile. The assembly had a working area of 5 cm?
and a single serpentine flow channel. The tank on each side of the
flow-cell assembly contained 25 mL of electrolyte. A single type of
electrode, either CP or BP, was used in each half-cell of a two-electrode
configuration. The total exposed geometric electrode area for the flow
cell was 10 cm?. The electrolyte from the tanks was circulated through
the cell by means of a pair of peristaltic pumps (Masterflex) at a rate
of 30 mL min.

NafionSi membranes were utilized and were prepared as de-
scribed in literature[44,58,59]. To summarize, Nafion 115 membranes
(DuPont) were heated in 0.5 M aqueous sulfuric acid at 70°C for 2 h to
convert them to the H* conducting form. Afterward, the membranes
were rinsed and then soaked in DI water for another 1 h at 70°C to
remove excess acid. The resulting H"-forms of the membranes were
then neutralized using a 1 M methanolic aqueous solution tetrabuty-
lammonium hydroxide, at room temperature for 18 h. The membranes
were then soaked in a solution of methanol:DI water (5:1) at room tem-
perature overnight, and a mixture of tetraethylorthosilicate (TEOS) —
methanol was added to achieve a solution of DI water:TEOS (4:1
ratio) under stirring. After 3 minutes, the membrane was soaked in
methanol to remove any excess reactants on its surface, and was then
vacuum-dried for 24 h, before being transferred to a glove box, in
which it was equilibrated in a 0.1 M solution of TEABF, (which
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(b) CP-after cycling

(dy BP after cycfing

Figure 2. Field emission SEM images of (a) a CP electrode and (b) a CP electrode after charge discharge in a flow cell for 50 cycles at 50 mA cm~2, and

images for (c) our in-lab fabricated BP electrode, and (d) a BP electrode after charge discharge in a flow cell for 50 cycles at 25 mA cm

=2, probed at various

magnifications. The closely packed strands of the BP electrode gave it a larger surface area than that of the CP electrode. After cycling, both electrodes maintained
their 3-dimensional entangled network of carbon fibers, but were more closely packed and agglomerated (with the presence of active species residue) as compared
with the as received samples. The effect was more predominant for the BP electrode as compared with the CP electrode.

contained the corresponding TEA™) in acetonitrile for at least 3 days
prior to use.

Results and Discussion

Morphological and physical characterization of the electrodes.—
Microscopy.—The morphologies of the commercially available CP
electrode and our in-lab fabricated BP electrode were compared by
SEM at various magnifications (Figs. 2a, 2c). Although both elec-
trodes consisted of a three-dimensional network of entangled carbon
fibers, the strands in the BP electrode were more closely packed and
consisted of smaller fiber diameters (8 to 12 nm) as compared to
that of the CP electrode (10 wm), giving the BP electrode a larger
surface area than that of the CP electrode. Furthermore, a large pro-
portion of the surface area of the fibers in the CP electrode were
occupied with carbon filler structures, which further contributed to
their reduced surface area. The BP electrode had a smaller thickness
(250 |um), an aerial weight (34.6 g m~2) a much larger BET surface
area (190 m?> g~! ~ 0.657 m? cm~2) and a higher electrical conduc-
tivity (5.5 x 10> S m™") as compared with the CP electrode (280 m,
85 gm™2, 1.8 m*> g' ~ 0.015 m?> cm™2, and 3.1 x 10°> S m™'),
indicating that the BP electrode could be expected to have a high elec-
trochemical surface area. Moreover, SEM images for the electrodes
(Figs. 2b, 2d) after charge discharge cycling show that the networks
of carbon fibers remain 3-dimensional and entangled for both elec-
trodes after cycling, but the individual carbon fibers become more
agglomerated (with the presence of active species residue) for both
electrodes, which can be a contributor to the effects of mass transport
resistance on resulting capacity decay. This agglomeration was more
predominant in the cycled BP electrode as compared with the cycled
CP electrode as expected, because the BP fibers are more closely
packed.

FTIR analysis.—The functional groups on both the CP and BP
electrodes were characterized using FTIR (Fig. 3). Recall that both
electrodes were dried under vacuum for 8 h to eliminate the presence
of any water or humidity. For the CP electrode, the peak at 3454 cm™'
was attributed to the stretching vibration of —OH bond. The peaks at

1377 and 1080 cm™! were attributed to the bending vibration of -CH
and C-O respectively. Similarly, the BP electrode exhibited a peak at
3436 cm~! which was attributed to the stretching vibration of —OH
bond, and peaks at 1388, and 1089 cm~! which were attributed to the
bending vibration of —CH and C-O respectively. The results suggest
that both electrodes had a similar surface chemistry.

Electrochemical characterization.—Cyclic voltammetry.—We
recorded the cyclic voltammograms of the CP and BP electrodes in
an acetonitrile solution of 0.01 M V(acac); as the active species and
0.05 M TEABF, as the supporting electrolyte at various scan rates
(Figs. 4a, 4b and 4c, 4d, respectively). The voltammograms showed
the [V(acac);]°/[V(acac);]™ and [V(acac);]°/[V(acac);]* peaks indi-
cating the electrode activities toward the negative and positive redox

1080
1377

Q —cCP
& ——BP
'é 3454
[72)
&
= 1388 1089
52

3436

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Figure 3. FTIR spectra for the CP and BP electrodes. Both electrodes had a
similar surface chemistry.
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(b) CP Positive Electrolyte
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(d) BP Positive Electrolyte
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Figure 4. iR-corrected cyclic voltammograms recorded at various scan rates for an acetonitrile solution of V(acac)z (0.01 M) and TEABF, (0.05 M) at room
temperature: (a, b) CP electrode and (c, d) BP electrode. Even though the cyclic voltammograms were compensated for iR losses, the voltammograms are still
skewed due to the large iR losses in the cell. The insets show the non-skewed voltammograms obtained when manual iR compensation was performed.

couples, respectively. Both the peak separation and the peak current
increased with increasing scan rate. Even though the cyclic voltammo-
grams were compensated for iR losses, the voltammograms are still
skewed due to the large iR losses in the cell that were uncompensated
for by the potentiostat.

Unlike those obtained with CP and BP electrodes, the voltammo-
grams (Fig. 5) at a GCE show the typical behavior of iR-compensated
voltammograms; i.e. non-slanted voltammograms. To answer why the
CP and BP still showed skewed voltammograms even after iR com-
pensation, we turned into investigating the mode of mass transfer.
Because CP and BP electrodes are porous in nature, it is expected that
the mode of mass transfer is a combination of semi-infinite planar
diffusion toward the electrode surface and thin layer diffusion within
the porous structure.”* We believe that the thin layer diffusion pro-
cess is responsible for the slanted voltammograms because the local
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Figure 5. iR-corrected cyclic voltammograms at a GCE recorded at various
scan rates for an acetonitrile solution of V(acac)s (0.01 M) and TEABF4
(0.05 M) at room temperature in the (a) negative electrolyte and the (b) positive
electrolyte. Three electrode setup was used with GCE working, graphite foil
counter and Ag/Ag+ reference electrodes. Notice the typical shape for iR
compensated voltammograms in comparison to Fig. 4.

concentration of the supporting electrolyte within the pores is much
lower than that of the bulk electrolyte;®' thus, we suspect that the
electrolyte resistance in the pores is substantially high leading to the
skewed voltammograms seen with CP and BP electrodes. Based on
the shape of the voltammograms of the planar GCE and the porous
electrodes, it appears that automatic iR compensation was success-
ful in accounting for the electrolyte resistance between the reference
electrode and the surface of the working electrode; but was not able to
account for the electrolyte resistance resulted from thin layer diffusion
occurring within the pores of the CP and BP electrodes. Moreover,
as shown in the SEM images, because the porous structure in the BP
electrode is more closely packed than that of the CP electrode, we
expect that the effect of thin layer diffusion within the BP electrode
is markedly higher than the CP electrode. This is evident by the more
skewed voltammograms of the BP electrode in comparison to the CP
electrode; thus, the electrolyte resistance within the BP electrode is
higher than that of the CP electrode.

There is a limit on how much iR compensation can be done due
to the inherently high resistance of non-aqueous electrolytes.®*%* In-
creasing the concentration of the supporting electrolyte will certainly
reduce the electrolyte resistance within the pores of the electrodes;
however, this will come at the expense of affecting the solubility of
the active species. The insets in Fig. 4 show that skewed-free voltam-
mograms could be obtained if manual iR compensation is performed.
Moreover, we were limited by the potential window of the electrolyte,
thus we have performed CVs within the respective potential ranges
and up to a scan rate of 100 mV s~! because peak separations can
become sufficiently high at higher scan rates, and can approach elec-
trolyte degradation potentials. Thus, moving forward, we based our
electrochemical analyses on the insets of Fig. 4 (manual iR compen-
sation) for demonstration purposes only.

Comparison of the voltammograms obtained at a scan rate of
36 mV s7' (Figs. 6a, 6b) clearly revealed that the peak current
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Figure 6. (a,b) Cyclic voltammograms recorded for the CP and BP electrodes at a scan rate of 36 mV s~ in an acetonitrile solution of V(acac); (0.01 M) and
TEABF; (0.05 M) at room temperature scanned for the (a) negative and (b) positive redox couples. The voltammograms clearly show that the faradaic currents
attainable with the BP electrode were higher than those attainable with the CP electrode. (c) Cyclic voltammograms recorded for the BP and the CP electrodes at
a scan rate of 25 mV s~! in an acetonitrile solution of 0.05 M TEABFy, indicating the higher capacitive current attainable by the BP electrode.

densities for the negative and positive electrolytes were higher for
the BP electrode than those for the CP electrode, reflecting the greater
electrochemical conversion of the active species on its surface. To
investigate the reason for the higher current densities obtained with
the BP electrode, we performed double-layer capacitance measure-
ments to determine surface area utilization. Cyclic voltammograms
were acquired for each of the electrodes in a blank solution of 0.05
M TEABF; in acetonitrile (Fig. 6¢) over a narrow range of voltages
to eliminate faradaic currents. A plot of double-layer current versus
scan rate was linear (not shown), indicating the capacitive behavior in
the scanned potential range. The slope of the fitted line was used to
estimate the double-layer capacitance (Cp ) of the system according
to Equation 3, which was then used, along with the assumed area
specific reference capacitance, to obtain the electrochemically active
surface area (ECSA) by means of Equation 4, as described in the
literature:63-%

iDL = UCDL [3]

ECSA = Cp./Cs [4]

where ipp is double-layer current, v is scan rate, and C is the assumed
area specific reference capacitance for the electrode material. The
area specific capacitance of an alumina-polished smooth GCE with a
known surface area, was measured in a solution of 0.05 M TEABF,
in acetonitrile, and was determined to be equal to 12 WF cm™. This
value was assumed to be equal to the C; value for both BP and the CP
electrodes in the same experimental conditions. A similar approach
was performed by Sun et al.*” As can be seen in Table III, the ECSA
of the BP electrode was ~193 times that of the CP, indicating that
the number of sites available for an electrochemical reaction on the

Table III. Comparison of surface area utilization by the BP and
CP electrodes.?

Parameter BP CP

p (2cm™) 0.00346 0.00850
ECSA (m? g 1) 36.644 0.185
ECSA:BETSA (%) 19.29 10.28

2p = material density; ECSA = electrochemically active surface
area; BETSA = total surface area as measured by BET analysis.
ECSA/BETSA ratio is indicative of electrode wettability.

former was much larger than that of the latter. Surface area utilization
can be evaluated from the ratio of the ECSA to the BETSA, a ratio
that is also an indicator of the wettability of the electrode. Calculation
of this ratio indicated that ~19% of the BETSA of the BP electrode
was utilized, compared with only ~10% for the CP electrode; leading
to the higher current density obtained with the former electrode.

To further evaluate the electrochemical behavior of the electrodes,
we used the voltammograms shown in Fig. 4 insets. Over different v,
the ratio of anodic peak current to cathodic peak current (Ip,/I,) in
Figs. 7c, 7d deviated slightly from unity indicating possible coupled
non-electrochemical reactions (usually irreversible chemical decom-
positions) that accompany the electrochemistry. On the electrochem-
ical reversibility, the peak potential separation (A E},) ranged from 87
to 131 mV for the CP electrode and from 212 to 438 mV for the BP
electrode in the negative electrolyte (Fig. 7a), and from 64 to 90 mV
for the CP electrode and from 101 to 203 mV for the BP electrode
in the positive electrolyte (Fig. 7b), confirming the electrochemical
irreversibility of the redox reactions at these electrodes.

Because the reactions on both the CP and the BP electrodes meet
the quasi-reversibility criteria® (Fig. 4 insets, Fig. 7), we used a com-
bination of Nicholson’s method®®® and Klingler and Kochi method”®
to calculate the heterogeneous rate constant (k°) of the redox reactions
at the electrodes. Lavagnini et al.”' gave empirical equations that can
be used to combine both methods for evaluating k° as shown below
(for a single electron transfer):

_ —0.6288 + 0.0021AE,

(5]

1 —0017AE,
¢=2.18<g>%exp<_a2FAEp> (6]
T RT
with
" :ko(anF>‘é -
RT

where F is Faraday’s constant, o is transfer coefficient, D is the
diffusion coefficient of the active species, R is the gas constant and 7'

is temperature. A plot of { vs. (”[?TF )*% b2 gives a slope equals to k°.

Eq. 5 is valid for AE| in the range between 61 and 212 mV, whereas
Eq. 6 is applicable for 212 mV > AE,. These equations were applied
assuming o = 0.5 and D = 3.93 x 107% cm? s71.48

For both positive and negative redox couples’ reactions, the val-

ues of k° obtained with the CP electrode were much greater than
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Figure 7. Analysis of iR-corrected cyclic voltammograms for BP and CP electrodes in an acetonitrile solution of V(acac); (0.01 M) and TEABF, (0.05 M) at
room temperature scanned for the negative and positive redox couples showing (a,b) plots of peak separations versus scan rate, (c,d) plots of peak ratios versus scan
rate, and (e,f) plots of peak currents versus scan rate. The plots show the irreversibility of the electrodes, and suggest that the electrodes meet the quasi-reversibility

criterion.

those obtained with the BP electrode (Table IV), indicating the higher
activity of the CP electrode toward the [V(acac);]7/[V(acac);]° and

Table IV. Performance indexes for the CP and BP electrodes
calculated for the positive redox couple, [V(acac)3]°/[V(acac)3]+),
and the negative redox couple, [V(acac)3]0/[V(acac)3]_).“‘

k° x 1073 (cm s™)

Electrode Redox couple

CP Positive 48.68
Negative 6.27

BP Positive 4.99
Negative 0.69

4k° = standard heterogeneous rate constant.

[V(acac);]~/[V(acac);]° redox couples. Even though higher current
densities were obtained with the BP electrode due to better surface
area utilization in comparison to the CP electrode, the BP electrode
has less efficient kinetic facility for the investigated redox couples.
We attribute the slower kinetics at the BP electrode to the possibility
that the available sites for the reaction were dominated by the basal
sites of the MWCNTS; researchers have shown that basal sites exhibit
lower electrochemical activity in contrast to edge sites.””

Electrochemical impedance spectroscopy.—We used electrochem-
ical impedance spectroscopy (EIS) to investigate the kinetics of
the CP and BP electrodes for the [V(acac);]°/[V(acac);]~ and
[V(acac);]%/[V(acac);]* redox couples in an acetonitrile solution of
0.01 M V(acac); and 0.05 M TEABF, (Fig. 8). This was done by per-
forming EIS at equilibrium potentials of the [V(acac);]%/[V(acac);]~
and [V(acac)3]°/[V(acac)3]+ redox couples (—1.8 and 04 V

Downloaded on 2019-08-02 to IP 18.30.8.152 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

A3680
(@ (b)
) Negative Electrolyte ) Positive Electrolyte
B} s
51 e BP 5t e BP
& m CP & I m CP
5 “4r Fits 5 -4 Fits
NoL N
Ak
oF

Figure 8. Electrochemical impedance spectra for BP and CP electrodes in
an acetonitrile solution of V(acac); (0.01 M) and TEABF4 (0.05 M) at room
temperature performed at the equilibrium potentials of the (a) negative and
(b) positive redox couples. Data was fitted using a Randles equivalent circuit
shown in the inset; where Ry is the solution resistance, R is the charge transfer
resistance, C P E is a constant phase element and Zy, is a warburg impedance
term.

respectively). Nyquist plots of both electrodes resembled a depressed
semi-circle at the high frequency region and a sloped line at the low
frequency region ascribed to charge transfer process and the War-
burg diffusion process respectively. The EIS data were fitted using
a Randles equivalent circuit (Fig. 8 inset) which utilized a constant
phase element (CPE) instead of a pure capacitance element to attain a
more accurate fit of the experimental data, and we obtained the charge
transfer resistance (R.), the double layer capacitance (Cq), and the
Warburg impedance (Z,,) values to improve our understanding of the
electrode’s kinetics and to supplement our CV studies, as given in
Table V.

R for the CP electrode was consistently lower for both the nega-
tive and the positive redox couples indicating the higher activity of the
CP electrode as compared to the BP electrode, and providing further
support to our cyclic voltammetry analysis. On the other hand, Cq was
consistently higher for the CP electrode, indicating that the amount
of active sites available for a reaction is higher for the CP as com-
pared with the BP. Interestingly, these results come in contrast with
our capacitance analysis which showed a higher ECSA and surface
utilization of the BP electrode (as described in Cyclic voltammetry
section). We attribute the lower Cg values that were demonstrated by
the BP electrode during the EIS measurements (in presence of the
active species) to the higher limitation of mass transport and diffu-
sion of active species in the electrolyte within the pores of the BP, as
compared with the CP electrode. Z,, values, related to the diffusion
processes of the active species, for the CP electrode were consistently
lower than that for the BP electrodes, and were ascribed to the lower
concentration over potential of the ion diffusion processes which may
have been facilitated by the markedly lower effects of the thin layer

Table V. Charge transfer resistance (R), double layer capacitance
(Ca1), and warburg impedance (Z,,) values obtained by fitting
the electrochemical impedance spectra for the positive redox
couple, [V(acac)3]°/[V(acac)3]+), and the negative redox couple,
[V(acac);1°/[V (acac)s]™).

Electrode Redox couple R (2 cm?)  Cq (WFem™2)  Zy (Q cm?)
CP Positive 2551 0.0368 4.8 x 10713
Negative 2016 0.0506 1.5 x 10712
BP Positive 3199 0.0341 1.6 x 1073
Negative 3506 0.0317 2.5 % 107°
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Figure 9. (a) Plots of iR-corrected polarization curves showing the variation
of potential versus current density and the variation of power density versus
current density for the BP and CP electrodes for the full range of current
densities, and (b) plots of iR-corrected polarization curves at low current
density range for clarity. The compensated area-specific-iR losses (Rg) are
given in the insets for both electrodes. The plots resemble the higher power
density, lower activation over potential and better mass transport facilitation
attainable by the CP electrode as compared with the BP electrode.

diffusion within the pores of the CP electrode as compared to that of
the BP electrode (as described in Cyclic voltammetry section).

Polarization curve—In order to understand the different roles
played by each of the electrode’s kinetics and internal structures in
their overall performance when employed in a flow cell, we per-
formed iR-corrected discharge polarization curves (as described in
literature’?) at a constant state of charge (SOC = 50%) for flow cells
incorporating the CP and BP electrodes, to investigate losses associ-
ated with activation, ohmic, and concentration over potentials. Two
types of ohmic losses can occur in our flow cell setup; which are iR
losses that can be measured by EIS at the high frequency region and are
related to ionic and contact resistances, and pseudo-iR losses which
do not contribute to the iR measurements by EIS at high frequency
region and are related to mass transport within the electrodes.” Thus,
the iR-corrected polarization curves (which were compensated by the
EIS measurements at high frequency regions) shown in Fig. 9, have
the advantage of being free from contact and ionic iR losses, while
retaining the pseudo-iR losses related to the thin layer diffusion within
the pores of the CP and BP electrodes. As illustrated (Fig. 9), the lim-
iting current density was 100 and 30 mA cm~2, and the peak power
density was 98 and 37 mW cm~2 for the flow cells incorporating the
CP and the BP electrodes respectively, indicating a 3-fold increase
in the performance of the flow cell incorporating the CP electrode as
compared to that incorporating the BP electrode.

Activation over potential losses become significant at low current
densities, at which the flow cell’s performance becomes limited by
the activity of the electrodes. We have already established that the
electrochemical activity of CP is larger than that of the BP electrode
(as described in Cyclic voltammetry sections and Electrochemical
impedance spectroscopy), and as expected, the drop in voltage losses
due to the electrodes’ activation over potentials was larger for the BP
electrode (120 mV) as compared to the CP electrode (15 mV).

Pseudo-iR losses due to the thin layer diffusion within the elec-
trodes are directly related to the linear slope of the ohmic region in the
iR-corrected polarization curves. We have already demonstrated that
the effect of thin layer diffusion within the BP electrode is higher than
that in the CP electrode (as described in Cyclic voltammetry section),
and as expected, the area specific pseudo resistance was 4.2 times
larger at the BP electrode (20.22 2 cm?) than that at the CP electrode
(4.72  cm?), indicating that mass transport of active species within
the active layers of the CP electrode was markedly better than that of
the BP electrode.

Finally, losses due to concentration and transport of the bulk elec-
trolyte to the active sites are related to the final drop region in the
polarization curve, and with this regards, the flow cell utilizing the CP
electrodes was superior to that utilizing the BP electrodes, suggesting
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that the BP electrodes significantly impeded the flow of the electrolyte
within the flow fields as compared with that by the CP electrodes. At
high current densities (>30 mA cm2), the rate of electrochemical
conversion at the active sites becomes sufficiently large that mass
transport is insufficient to replenish active species consumed at those
sites. On the other hand, the flow cell utilizing the CP electrodes
sustained a markedly higher limiting current density (100 mA cm™2).

Charge—discharge cycling.—We performed charge—discharge
cycling tests using a single layer of each of the CP and the BP elec-
trodes in the positive and the negative half-cells. We initially attempted
charge-discharge experiments (not shown) using low electrolyte con-
centrations (0.01 M V(acac); and 0.05 M TEABF,) with a TEA™
conducting Nafion membrane, but very low coulombic and result-
ing energy efficiencies values were recorded (due to high electrolyte/
cell internal resistance). In addition, long charge-discharge cycling
tests were not achievable due to the high crossover resulting in severe
capacity decay. Therefore, we improved the experimental setup by
utilizing an electrolyte of 0.05 M V(acac); and 0.2 M TEABF, in ace-
tonitrile, and the low permeability NafionSi membrane.** Cycling was
conducted at a constant current density of 50 and 25 mA cm™2 for the
flow cells incorporating the CP and BP electrodes respectively, and the
calculated efficiencies (1) as a function of cycle number are shown in
Fig. 10. We have already established that the BP electrode exhibited
a higher electrical conductivity (by a factor of ~1.77) and a larger
ECSA (by a factor of ~193) than the CP electrodes, whereas the CP
electrode exhibited a higher heterogeneous rate constant (by a factor
>9). Nevertheless, the coulombic efficiencies (CE) for both electrodes
became more stable after the twentieth cycle and averaged higher for
the CP electrode (100%) than for the BP electrode (93%). The high
columbic efficiencies were attainable due to the use of the NafionSi
membranes and a reasonable molarity of electrolytes in the flow cell
setups. On the other hand, the voltage efficiencies (VE) average at
90% for the CP electrode and 88% for the BP electrode, which can be
attributed to the higher activity and lower ohmic resistance of the CP
electrode. The obtained trends in VE were attributed to the combined
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Figure 10. Charge discharge analysis for 50 cycles utilizing a flow cell with an
electrolyte comprising of 0.05 M V(acac); and 0.2 M TEABF;, in acetonitrile
showing the (a) CE, (b) VE, (c) EE, and (d) relative discharge capacity versus
cycle number for the BP and CP electrodes. The CP electrode resembled a
higher EE and a lower relative discharge capacity over cycling as compared
with the BP electrode.
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effects of species crossover and the different flow regimes in the two
electrodes (due to their structural differences, as described in section
Morphological and physical characterization of the electrodes). The
good performance of both electrodes, however, compares reasonably
well to recently reported efficiencies utilizing similar setups, mem-
branes (NafionSi) and electrolyte concentrations.** Even though the
CP electrode resembled a significantly larger ko as compared with the
BP electrode, the VE for both electrodes were not largely different,
which can be attributed to the role of the high-BET-surface-area of
the BP electrode. The effects of the higher surface area but lower
activity of the BP electrode as compared with the lower surface area
but higher activity of the CP electrode (as described in Cyclic voltam-
metry section), together with their different flow regimes, gave rise
to their respective cycling efficiencies. The fluctuations in efficiencies
seen during long charge-discharge cycling can be ascribed to flow
inconsistencies (usually observed when a serpentine flow field is used
in a relatively small area cell). In addition, electrolyte membrane in-
teraction/ degradation,* and effects of agglomeration (as described in
Microscopy section) can also contribute to the fluctuations recorded.
In order to improve the VE at the BP electrode, we suggest inves-
tigating the use of catalysts within the MWCNTs fibers to increase
their activity toward the redox couple. On the other hand, in order
to improve the VE at the CP electrode, we suggest investigating the
use of various treatments to modify the surface chemistries and thus
improve the currently low ECSA:BETSA ratio (as given in Table III).

The energy efficiencies (EE = CE x VE) averaged 89% for the CP
electrode and 82% for the BP electrode throughout the cycling test.
These excellent EE values were due to the excellent electrochemical
activity of the CP and the high ECSA of the BP.

Moreover, relative discharge capacity versus cycle number
(Fig. 10d) was plotted to visualize the capability of the flow cells
incorporating the porous carbon electrodes in retaining discharge ca-
pacity over cycling. Capacity decay occurred gradually and consis-
tently for both flow cells and the relative discharge capacities per cycle
were consistently higher when the BP electrode was employed until
the 40™ cycle, after which the CP retained higher relative discharge
capacities. Interestingly, the rate of relative discharge capacity was
constant for the cell employing the BP electrode, and was variant for
the cell incorporating the CP electrode. These results can be related
to the stable VE for the cell incorporating the BP electrode, and the
relatively inconsistent VE values for the cell incorporating the CP
electrode, and can suggest that the relative discharge capacity can be
favored by a lower VE, possibly due to the relatively decreased par-
ticipation of active specie in their electrochemical conversion at the
electrode’s interface, and therefore limiting capacity decay.

Conclusions

A commercially available CP electrode and an in-lab fabricated BP
electrode (a freestanding sheet of MWCNTSs) were investigated as both
the positive and the negative electrodes for non-aqueous VRFBs. Be-
ing investigated in their freestanding forms, no metal substrates were
involved, eliminating the effects of mixed kinetics, and thus, permit-
ting the measurement of their true electrochemical response. The CP
electrode demonstrated heterogeneous rate constants of 4.8 x 1072
and 3.9 x 107 cm s~! for the positive and the negative electrolytes
respectively, both of which were more than 9 times faster than that ob-
tained by the BP electrode, reflecting the higher reversibility of the CP
electrode toward both positive and negative redox couples. Moreover,
the effect of thin layer diffusion within the porous structure of BP
electrode is markedly higher than the CP electrode as shown by our
voltammetry analysis, giving rise to different flow regimes. Thus, en-
gineering the porous structure of these electrodes is needed. Flow cells
performance experiments revealed that the CP electrode was superior
in facilitating a higher power density (98 mW c¢cm~2), limiting current
density (100 mA cm™2), and energy efficiency (89%) as compared to
the BP electrode (37 mW cm~2, 30 mA cm™2, and 82% respectively),
which were attributed to the combined effects of the higher surface
area but lower activity of the BP electrode as compared with the lower
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surface area but higher activity of the CP electrode, together with
their different flow regime. Polarization curve analysis revealed that
activation, ohmic, and concentration losses were consistently lower
for the cell employing the CP electrode. Charge—discharge cycling
demonstrated the effects of the respective electrode properties toward
the exhibited cycling efficiencies, suggesting that various treatments
and/or modifications can be prescribed in order to obtain improved
performances. These results provide interesting insights into the elec-
trochemical activity of different carbon-based porous electrodes for
non-aqueous VRFBs, whilst highlighting the potential of MWCNTs
in the form of freestanding sheets, for the application of electrodes in
NARFBs.
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