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In a hydrogen-bromine (H,-Br») fuel cell, the Br reactions don’t require precious metal catalysts, hence porous carbon gas diffusion
media (GDM) are widely used as electrodes. However, the specific surface areas of the commercial carbon gas diffusion electrodes
(GDEs) are quite low and need to be enhanced. In order to improve the active surface area of carbon GDEs, a study was conducted
to grow multi-walled carbon nanotubes (MWCNTs) directly on the carbon electrode fiber surface. Both constant and pulse current
electrodeposition techniques were used to deposit Co nanoparticles to catalyze the MWCNT growth. The MWCNTs were grown
in the presence of a mixture of acetylene, argon, and hydrogen gases using the chemical vapor deposition process. Based on the
results obtained from SEM, TEM, and EDX analysis, MWCNT growth following the tip model was confirmed. The results from the
multi-step chronoamperometry study have shown that the synthesized carbon GDEs with MWCNTs have 7 to 50 times higher active
surface area than that of a plain GDE. The performance of a single layer of the best MWCNT GDE measured in a Hy-Br; fuel cell
was found to be equal or slightly higher compared to that obtained using a three-layer plain carbon electrode.
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Flow Batteries—Reversible Fuel Cells.

Electrical energy storage is required to address the increasing use
of intermittent energy sources. The regenerative hydrogen-bromine
(H,-Br,) fuel cell was identified as a promising candidate for large
scale electrical energy storage due to the rapid kinetics of the H, and
Br;, reactions translating to its higher energy conversion efficiency and
power density capability.'® Moreover, the abundance of active mate-
rials used in this system is an added advantage. The electrochemical
reactions associated with the H,-Br, fuel cell system are shown below.
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The bromine electrode in the H,-Br, fuel cell can be replaced
by alternative materials such as vanadium, cesium, chromium
or iron. However, the H,-Br, system is more attractive than the
hydrogen-vanadium’ because its active material (HBr) is inexpensive,
its electrode reaction kinetics are much faster, and it has much higher
energy density (higher HB1/Br, concentrations and no supporting
electrolyte required because HBr serves as both the reactive material
and electrolyte). On the other hand, cesium is a rare earth element
and is very expensive ($10/gram or $300/ounce) making it unsuitable
for large scale energy storage. Also, the cesium, chromium, and
iron systems have not been explored with a negative hydrogen
electrode.

While the H, reactions currently require the use of precious metal
catalysts like platinum, the bromine reactions don’t since reasonable
exchange current densities can be obtained with carbon materials.®
Even though the exchange current density of Br, reactions on plat-
inum (Pt) is two orders of magnitude higher than that on carbon
materials, the corrosivity and toxicity of hydrobromic acid (HBr) and
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Br;, species make it impractical to use any noble metal catalysts in the
Br; electrode.'® One way to solve the lower exchange current density
of Br, reactions on plain carbon electrodes is to increase the mass
specific active surface area of the electrode. Typically, carbon gas dif-
fusion electrodes (GDEs) with high porosity are the optimal choice
due to the presence of corrosive aqueous reactants (hydrobromic acid
and bromine). The high porosity allows more active materials to be
stored near where they are needed and facilitates easy fluid flow to
access most of the active surface area of the carbon electrode. Hence,
it is important that the morphological properties (porosity and tortu-
osity) of the carbon electrode remain undisturbed while improving the
active surface area.

The specific active surface area (intrinsic property) of commer-
cially available untreated carbon GDEs is quite low (0.65 m?/g com-
pared to 100 m?/g of Pt/C electrodes).!! One of the common ap-
proaches reported in the literature to improve the active surface area
of a Br, electrode was to employ multiple layers of carbon GDEs.5®
A major disadvantage of this approach is that the thickness (bulk
property) of the Br, electrode increases with the number of carbon
GDE layers used resulting in longer ionic, electronic, and molecular
diffusion pathways. This could lead to mass transport-limited per-
formance at higher current densities.!? Several previous studies have
investigated high surface area carbon materials such as carbon nan-
otubes, graphene-based nanoplatelets, and activated carbon powders
for battery and electrochemical capacitor applications.'>!* However,
these high surface area carbon materials are normally blended with a
polymeric binder of some kind in order to fabricate solid carbon elec-
trodes for fuel cell applications. The resulting electrodes are usually
dense and have low porosity and high tortuosity, which are undesir-
able especially if the reactants are in an aqueous phase. The other
approach to enhance the active surface area of existing carbon GDE is
to coat them with an ink or suspension prepared from high surface area
carbon materials. A major limitation associated with this approach is
that the high surface area carbon materials are attached to the carbon
electrode fiber surface by means of weak Van Der Waals forces and
might be removed at high liquid reactant flow rates or by physical
changes in the electrodes during operation. In conclusion, durable
high surface area carbon materials with high porosity and tortuosity
that can withstand high liquid flow rates are required.

Several studies in the literature have reported different approaches
to enhance the active surface area of an existing carbon GDE
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without affecting its morphological properties. Etching processes such
as chemical and plasma (argon or oxygen ion) etching are widely
used to improve the active surface area of existing porous carbon
electrodes.!>!® The etching processes create roughness and introduce
functional groups on the carbon electrode fiber surface, which in turn
increases the active surface area of the electrode. Some limitations
associated with these etching techniques involve the expensive nature
of plasma etching and chemical impurities that might be incorporated
if the chemically etched carbon electrode is not cleaned properly.
A recent study by Mayrhuber et al. used a laser perforation tech-
nique to improve the transport characteristics of some commercial
porous carbon electrodes by creating holes in their microstructure de-
spite losing some active surface area.'” However, the laser perforation
technique is quite expensive and only improves the cell performance
in the transport controlled regime. A few approaches reported in the
literature have tried to improve the surface area of existing porous
carbon electrodes by connecting the carbon nanotubes (CNTs) to
the carbon electrode fiber surface by means of a covalent bond.'3%!
The covalent bond between CNTs and the carbon electrode fiber
surface is quite strong and can withstand high liquid reactant flow
rates.

There are several ways to synthesize CNTs either directly on sub-
strates such as silicon, alumina, and quartz or on the porous carbon
electrode fiber surface. Because of their attractive properties, such as
high electronic conductivity, large specific surface area, and excellent
chemical stability, CNTs are often used as an electrode material for
electrochemical energy storage devices. The CNTs are classified into
two types; single-walled and multi-walled carbon nanotubes (SWC-
NTs and MWCNTs). For the fuel cell and battery applications, MWC-
NTs are more preferable due to their high electrical conductivity and
mechanical durability compared to that of SWCNTSs. Also, the outer
graphene shells of MWCNTs protect the inner ones from degradation
thus prolonging their lifetime. Carbon arc-discharge, laser ablation,
and chemical vapor deposition are some of the techniques used to
synthesize CNTs.??2* Jjima et al. discovered carbon nanotubes in
1991 using arc-discharge technique,? and since then chemical vapor
deposition (CVD) has been widely used to synthesize both single and
multi-walled carbon nanotubes. The CVD process requires less en-
ergy compared to arc-discharge and laser ablation techniques making
it a suitable option for large scale synthesis widely used to synthe-
size CNTs. The CNT-based carbon electrodes were also proven to
be excellent candidates for supercapacitors due to their high specific
surface areas.?’

In order to synthesize CNTs directly on the carbon electrode fiber
surface via CVD process, nanocatalyst seeds are required to catalyze
the CNT growth. The transition metals (iron, cobalt, and nickel) are
known to be active catalysts for CNT synthesis.?® The catalyst seeds
are created on the carbon electrode fiber surface using techniques
such as electron beam evaporation, electrodeposition, and solution
deposition.'®2! Out of the techniques listed above, electrodeposi-
tion is more cost effective and hence a suitable option for deposit-
ing the catalyst nanoparticles on the carbon electrode fiber surface.
After depositing the catalyst nanoparticles, CNTs are usually synthe-
sized in the presence of a hydrocarbon gas (carbon source) between
700°C and 1000°C. Some of the recent studies have used the spray
pyrolysis approach to synthesize CNTs by using a xylene (carbon
source)/ferrocene (catalyst source) precursor solution.””-?® However,
the spray pyrolysis process is a bit involved since a separate chamber
is required to vaporize the xylene/ferrocene precursor solution before
introducing it into the reactor furnace. The incomplete vaporization
of the precursor solution directly affects the catalyst deposition.

In this paper, experimental approaches concerning electrodeposi-
tion of Co nanoparticles and MWCNT growth using CVD process on
a carbon GDE (SGL 10AA GDE from Sigracet) are discussed and the
results are presented. The results involve electrochemical active sur-
face area measurements of the synthesized MWCNT-based electrodes
in a three-electrode arrangement followed by the performance com-
parison between MWCNT-based carbon electrode and plain porous
carbon GDE in a H,-Br;, fuel cell.
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Figure 1. Experimental fixture used in the electrodeposition experiment.

Experimental

Synthesis of MWCNT-based carbon electrodes.— The synthesis of
MWCNT-based electrodes involves two major steps: 1) electrodepo-
sition of nano catalyst particles and 2) growth of CNTs on carbon fiber
surface. The first step involves creating active metal catalyst sites on
the electrode fiber matrix for the hydrocarbon source to react and form
nanotube structures. Since transition metals are known to be active
catalysts for carbon nanotube synthesis, cobalt (Co) was chosen as
the catalyst for this study. The Co nanoparticles were deposited on the
SGL 10AA carbon electrode fiber surface by both constant and pulse
current electrodeposition techniques in a solution containing cobalt
sulfate (CoSQO,) and boric acid (H;BOj3). The role of H;BO; in the
precursor solution was to avoid the formation of an insoluble hydrox-
ide phase at the carbon electrode/electrolyte interface by maintaining
the pH of the electrolyte solution in the acidic range (between 4.4 and
4.6).% The electrolyte solution is a mixture of 0.02 M CoSO,4 and
0.33 M H3BO:;.

A three-electrode arrangement was used to implement constant and
pulse current electrodeposition techniques. The experimental setup
(shown in Figure 1) consisted of a SGL 10 AA carbon electrode and
a saturated calomel (SCE) reference electrode. A coiled cobalt wire
was used as the counter electrode. The Co catalyst was deposited
by applying a cathodic current to the working electrode. The current
collection was done using stainless steel alligator clips. Prior to the
electrodeposition experiment, carbon electrodes were boiled in de-
ionized (DI) water for 1 hour to make them hydrophilic. Also, a case
study was done to study the effect of soaking the carbon electrodes
in an electrolyte solution (mixture of cobalt sulfate and boric acid)
for 24 hours after boiling them in DI water and before conducting
the electrodeposition experiment. The concentration of the precursor
solution that the carbon electrodes were soaked in was the same as
that of the solution used in the electrodeposition step. A total of 5
carbon electrode samples were synthesized using constant and pulse
current electrodeposition. The first two samples were synthesized us-
ing constant current electrodeposition (sample 1: —0.1 mA/cm? for
1000s, and sample 2: —0.1 mA/cm? for 2000s). The geometric area
of sample 1 and sample 2 was 9 cm?. The rest of the samples were
synthesized using pulse current electrodeposition (sample 3: —3.75
mA/cm? applied with a single pulse of 1s, sample 4: —5 mA/cm?
applied with two pulses each with a 0.1s duration, and sample 5: —2.5
mA/cm? applied with a single pulse of 1s). The geometric area of sam-
ple 3, sample 4, and sample 5 was 4 cm?. Finally, Scanning Electron
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Figure 2. Experimental set-up used to perform CVD for MWCNT synthesis.

Microscopy (SEM) analysis was used to confirm the electrodeposition
of Co nanoparticles on the carbon electrode fiber surface.

The second step for synthesizing carbon nanotube based electrodes
involves growing MWCNTs in the presence of an acetylene (C,H,),
argon (Ar), and hydrogen (H,) gas mixture at high temperatures. In
the gas mixture, C;H, was used as the carbon source, Ar was used to
prevent the carbon paper from combusting and to dilute the acetylene
gas and H, was used to prevent soot formation resulting from carbon
pyrolysis. The experimental set-up used for this process is shown in
Figure 2. Initially, the catalyst coated carbon electrodes were placed
in the quartz tube furnace (MTI corporation, model: OTF-1200X-S)
and heated to 550°C at a ramp rate of 3°C/min starting from 25°C or
room temperature in the presence of a mixture of 20% H, and 80%
Ar gas (flow rate: 80 cc/min). The carbon electrodes were allowed to
stay at 550°C for 45 minutes to reduce any cobalt oxide present on
the surface of the Co nanoparticles. Next, the carbon electrodes were
heated to 700°C (reaction temperature) from 550°C at a 4°C/min ramp
rate. At 700°C, a mixture of C,H, (flow rate: 10 cc/min) and Ar (flow
rate: 60 cc/min) gas was introduced to initiate the MWCNT growth.
The carbon electrodes were allowed to stay at 700°C for 30 minutes
to grow MWCNTs. Finally, the C,H, and H, sources were shut off
and the carbon electrodes were cooled in the presence of Ar gas. In
addition to the catalyst coated carbon electrodes, a plain SGL 10AA
electrode was heat-treated in the quartz tube reactor in the presence
of hydrogen and argon gas using the operating conditions described
above. This was done to determine whether the active surface of
the carbon GDM could be altered by the high temperature treatment
condition used in the MWCNT growth process.

The synthesized carbon electrodes were sonicated in de-ionized
(DI) water for 30 minutes to get rid of any amorphous carbon and other
impurities present in the carbon electrode and subsequently soaked
in 1 M nitric acid (HNOs3) overnight to etch away the exposed Co
metal nanoparticles. The electrodes were washed in DI water after the
acid treatment and subsequent SEM analysis was done to confirm the
MWCNT growth. Also, Transmission Electron Microscopy (TEM)
and Energy Dispersive X-ray Spectroscopy (EDX) were used to de-
termine the growth mechanism of MWCNTs on the carbon electrode
fiber surface.

Surface area enhancement measurements.— The heat-treated and
MWCNT-based carbon electrodes were electrochemically analyzed

FM - Flow Meter
PG - Pressure Ganze
V. Valve

V4

Quartz tube
Furnace

Water

using the linearized Butler-Volmer approach to determine the in-
crease in their specific active areas compared to that of a plain carbon
electrode.” The Butler-Volmer equation, when the overpotentials are
below +25 mV, can be linearized as follows:

= ai | (@, + ) F _aiFn (1]
i Zai, | (a, Dl — =
RTn RT N

where i is the electrode current density (in A/g), a is the active surface
area (in cm?/g), i, is the exchange current density (A/cm?), F is the
Faraday constant, R is the gas constant (in J/mol.K), T'is the tempera-
ture (in K),  is the overpotential (in V), n is the number of electrons,
and o, and o, are the anodic and cathodic transfer coefficients.

A three-electrode arrangement was used to perform the electro-
chemical analysis in a solution of 1 M HBr and 0.1 M Br,. The
carbon electrode (plain, heat-treated, and MWCNT-based) and a sat-
urated calomel electrode were used as the working electrode (WE)
and reference electrode (RE) respectively. A platinum foil was used
as the counter electrode. Multi-step chronoamperometry was con-
ducted with the applied overpotentials ranging between —12 and
+12 mV. The solution resistance between the working and reference
electrodes was measured using Electrochemical Impedance Spec-
troscopy (Gamry EIS 300, Amplitude: 5 mV and Frequency range:
0.1 Hz to 100 kHz). The linearized Butler-Volmer equation approach
was used to calculate the product of the specific active area (a) and the
exchange current density (i,) of plain SGL 10AA, heat-treated SGL
10AA and MWCNT-based carbon electrodes (Samples 1 to 5). The
factor ai, for the heat-treated and MWCNT-based carbon electrodes
was normalized to that of a plain SGL 10AA carbon electrode to
calculate the active area enhancement factors as follows.

(aiz))MWCNT or heat—treated electrode [2]

(a io)PIain

Enhancement factor =

Fuel cell measurements.— The performance of a plain 0.1245 cm
thick SGL 10AA (3 pieces of SGL 10AA stacked together) and a
0.0415 cm thick MWCNT-based carbon electrode (1 piece of SGL
10AA) as Br; electrodes was evaluated in a 1 cm?® H,-Br, fuel cell.
An interdigitated graphite flow field plate was used on the H, side and
a flow-through (1 cm distance between the channels) tantalum plate
was used on the Br, side. The plain SGL 10AA and MWCNT-based
carbon electrodes were boiled in DI water and then soaked in 99.9%
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Figure 3. Constant and pulse current electrodeposition techniques.

H,SO, to improve their wetting characteristics prior to the fuel cell
study. A Pt catalyst coated SGL 25BC electrode obtained from TVN
systems, Inc. was used as the H, electrode. The catalyst loading on
the hydrogen electrodes was between 0.4 and 0.45 mg-Pt/cm?. The
Pt coated SGL 25 BC was hot pressed onto a Nafion 212 membrane
(135°C for 5 minutes) and later boiled in DI water for 30 minutes
to hydrate the Nafion ionomer present in the membrane electrode
assembly (MEA). The MEA and the flow field plates were held in
place by two aluminum compression end plates. A mixture of 1 M
HBr and 0.9 M Br, was recirculated through the Br, electrode at
multiple flow rates (10 and 20 cc/min/cm?). Humidified H, gas at
a flow rate of 40 cc/min was pumped through the H, electrode and
vented out at ambient pressure. All the fuel cell experiments were
conducted at 25°C unless otherwise specified.

Results and Discussion

Constant vs pulse current electrodeposition.— Figure 3 shows the
schematics for constant and pulse current electrodeposition. A con-
stant current for the required amount of time was applied while im-
plementing the constant current electrodeposition technique, whereas
the current was applied in short pulses while using pulse current elec-
trodeposition technique. The pulse duration was usually between 0.1
and 10 seconds with a short time gap (1-2 minutes) between the con-
secutive pulses. The time gap allows the solution concentration near
the electrode/electrolyte interface to be replenished. The Co electrode-
position occurs in two steps, nucleation and growth respectively.*® The
nucleation step is where nuclei or seeds are formed on the surface of
the carbon fibers which act as sites for the growth of Co nanoparti-
cles. As soon as nuclei were formed, growth occurs simultaneously.
At this stage, the nucleation and growth processes are inseparable.
The nucleation process stops once the concentration at the carbon
electrode/electrolyte interface of the reactant species drops below the
minimum concentration (or minimum critical supersaturation level)
required for nucleation, and subsequently the growth process is ini-
tiated. The size and distribution of Co nanoparticles are determined
by both nucleation and growth rates. Depending on the magnitude of
the cathodic current applied on the working electrode (WE), the Co
catalyst deposition (Co** +2e~ — Co) might occur in either kinetic
or mass transport controlled regimes.

While depositing Co catalyst under kinetically controlled regime
(low cathodic currents), the nucleation process dominates since the
concentration difference of reactant species in the bulk and the carbon
electrode/electrolyte interface is negligible. As a result, the electrode-
position of Co proceeds in the formation of layers via nucleation;
hence the duration of electrodeposition must be carefully controlled
to avoid the formation of a dense layer of Co. On the other hand,
the concentration of Co ions at the carbon electrode/electrolyte in-
terface is quickly depleted while electrodepositing Co under mass
transport controlled regime. The Co ions from the bulk have to dif-
fuse to the carbon electrode surface to further the electrodeposition.
Since the growth process is the dominant mechanism while operating
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under mass transport controlled regime, there is a high probability of
electrodepositing Co nanoparticles.

In this study, the electrodeposition of Co on the first two carbon
electrode samples (1 and 2) was done using the constant current tech-
nique. As described in the Experimental section, a low current density
of —0.1 mA/cm? was applied to both samples. The small current en-
sures slow Co electrodeposition rate, providing the best chance to
form a dense Co layer. The time spans of electrodeposition for sam-
ples 1 and 2 were 1000 s and 2000 s respectively. Figure 4 shows
SEM images of samples 1 and 2. As shown in Figure 4, samples 1
and 2 obtained from constant current electrodeposition have a uniform
layer of Co on the carbon fiber surface. The Co layer thickens as the
span of electrodeposition increases from 1000 (Figure 4a) to 2000
(Figure 4b) seconds. This supports the description given earlier for
electrodeposition under kinetically controlled condition.

The remaining samples (3, 4, and 5) were synthesized using pulse
current deposition. While conducting pulse current electrodeposition,
higher currents with short duration pulses were used. The higher
currents applied to the carbon electrode force the Co electrodeposition
to occur close to the mass transport controlled regime. Hence, the
growth process dominates the electrodeposition mechanisms that lead
to Co nanoparticle formation. The deposition current, pulse duration,
and number of pulses specified in the Experimental section were used
to control the particle size, density, and uniformity. Figure 5 shows the
SEM images of samples 3 (—3.75 mA/cm? for 1s) and 4 (—5 mA/cm?
for 0.2s). The Co nanoparticles with reasonably close packing can
be clearly seen in Figure 5. The larger diameter nanoparticles on
sample 3 (70 nm-100 nm) in Figure 5a might be a result of longer
electrodeposition duration (1s) compared to that of sample 4 (40 nm—
60 nm) in Figure 5b (0.2s).

*inion Do 20 2013
Pt o Tom 01T

Figure 4. Constant current electrodeposition, a) sample 1: —0.1 mA/cm? for
1000s and b) sample 2: —0.1 mA/cm? for 2000s.
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Figure 5. Pulse current electrodeposition a) sample 3: —3.75 mA/cm? for 1s
and b) sample 4: —5 mA/cm? for 0.2s.

The next case study was aimed at the effect of pre-soaking carbon
electrodes in a precursor solution (mixture of CoSO, and H3BO;)
prior to the electrodeposition study. The soaking step was included
after boiling the samples in DI water and before proceeding to the
electrodeposition experiment. The purpose was to enhance the elec-
trodeposition of Co nanoparticles inside the carbon electrode by satu-
rating it with the precursor solution. Sample 4 was synthesized again
(labelled as sample 4b) but with the addition of the presoaking step
listed above (SEM image shown in Figure 6a). The pre-soaking step
assisted in saturating a large section of the electrode surface area of
sample 4b with CoSOy, thereby improving the uniformity and the
extent of Co electrodeposition. As a result, Co nanoparticles with
smaller diameters were electrodeposited throughout the bulk volume
of the sample 4b (Figure 6a). Figure 6b shows the SEM image of
sample 5 (—2.5 mA/cm? was applied for 1s) that had a presoaking
step included. The total charge densities used to synthesize samples
4b and 5 were 1 mC/cm? and 2.5 mC/cm? respectively. As shown
in Figure 6, the density of Co nanoparticle distribution in sample 5
(Figure 6b) is higher compared to that of sample 4b (Figure 6a). This
can be attributed to the higher charge density used to synthesize sam-

Journal of The Electrochemical Society, 163 (1) A5126-A5133 (2016)

Figure 6. Pulse current electrodeposition with the inclusion of presoaking
step a) sample 4b (resynthesized): —5 mA/cm? for 0.2s and b) sample 5: —2.5
mA/cm? for Is.

ple 5. The carbon electrodes with a dense distribution of small Co
nanoparticles (Sample 5) were expected to be the ideal candidates
for MWCNT growth. Also, the effect of the presoaking step will be
discussed further in the Electrochemical analysis section. In conclu-
sion, pulse current electrodeposition appears to be an optimal choice
to promote dense distribution of Co nanoparticles.

MWCNT growth via CVD process.— The carbon electrodes with
electrodeposited Co (samples 1 to 5) were then placed in a quartz
tube furnace to facilitate MWCNT growth using the CVD processed
described in the Experimental section. The CNT growth proceeded
according to two different growth models. Figure 7 shows the tip
and base models associated with the CNT growth.>' According to the
tip model, the hydrocarbon gas reacts at the Co nanoparticle/carbon
substrate interface and lifts the Co particle as the CNT grows. In this
model, the CNT is covalently bonded to the carbon fiber matrix. On
the other hand, the CNT grows on top of the nanoparticle according
to the base model. The major disadvantage associated with the CNTs
grown in accordance with the base model is that the nanotubes are
lost once the electrodes are exposed to a corrosive acid environment

Tip model GH, o, GH:

GH, CH,
CH, o

CZH\ Co /

Carbon electrode Carbon electrode

\Ve Y2

GH, Co GH,

Y

Carbon electrode Carbon electrode

Base model

GH, G,H,
\ Co /

Carbon electrode

GH,

\CO

Carbon electrode

(&)
=X

3

Figure 7. Tip and base models explaining the mechanism of MWCNT growth.

CH, CH, CH, GH,

N2%

Carbon electrode Carbon electrode
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Figure 8. Carbon electrodes after MWCNT growth a) sample 1, b) sample 2,
c) sample 3, and d) sample 4.

as in the H,-Br;, fuel cell application. The acid etched away the metal
nanoparticle connecting the CNT to the carbon electrode fiber surface
resulting in the loss of CNTs. Therefore, the tip model is the preferred
growth mechanism, because the nanotubes are directly bonded to the
carbon electrode.

The SEM images of MWCNT-based carbon electrodes after DI
water sonication and acid treatment are shown in Figures 8 and 9.
As shown in Figures 8 and 9, the carbon nanotubes remain on all the
carbon electrodes, except for sample 2 (Figure 8b), which indicates
that the dominant growth mechanism is based on the tip model. The
Co layer on sample 2 (—0.1 mA/cm? for 2000s) might be thick enough
for the MWCNTs to grow according to the base model, instead of the
preferred tip model.>! As a result, the MWCNTSs became separated
when the Co nanoparticles underneath them were etched away during
the acid pretreatment. On the other hand, the bulk nanotube growth
on sample 1 (Figure 8a) could be attributed to its high Co loading
compared to rest of the samples. The inset images of Figures 8 and 9
at high resolution show the nanotube growth on the carbon electrode.
The diameter of the MWCNTSs grown on these samples was between
50 and 70 nm.

The effect of presoaking the electrodes in a mixture of CoSO4 and
H;BO; prior to electrodeposition on the uniformity MWCNT growth
can be clearly seen by comparing Figures 8 and 9. The MWCNT
growth on the carbon fibers is more uniform and denser in the pre-
soaked electrodes (Figure 9), which can be attributed to the more
uniform Co electrodeposition. In order to confirm the growth mecha-
nism of MWCNTs, TEM analysis was conducted. Figure 10 shows the
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a)

Figure 9. Pre-soaked carbon electrodes (in CoSO4 and H3;BOs3) after
MWCNT growth a) sample 4 (resynthesized) and b) sample 5.

TEM images of the nanotubes grown on these samples. The Co par-
ticles trapped inside the MWCNTSs were shown in Figure 10a. Also,
Figures 10b and 10c clearly show the multiple walls of the carbon
nanotube. Finally, the EDX analysis confirmed that the Co nanoparti-
cle is situated at the tip of the nanotube as shown in Figure 10d. The
MWCNTs would have a longer life time when the Co nanoparticles
were located either at the tip or trapped inside them. Even though
Co nanoparticles exposed to the acid environment will be etched
away eventually, the covalent bond between MWCNTSs and the car-
bon electrode fiber remains secure due to their growth based on the tip
model.

Finally, SEM analysis was done on the carbon electrode regions
next to the stainless steel alligator clips (Figure 11a) and the regions 2
cm away (Figure 11b) from them after the electrodeposition process.
The aim of this study was to determine the efficiency of stainless
steel alligator clips as current collectors. As shown in Figure 11,
the limitation associated with using stainless steel alligator clips as
current collectors was the non-uniform MWCNT growth on the carbon
electrode fiber surface located far from them (seen in the marked
portion of Figure 11b). The electronic conductivity of the carbon

b)

Figure 10. TEM images to identify the mechanism of MWCNT growth a)
STEM image showing Co nanoparticles trapped inside the MWCNTSs, b) TEM
image showing a MWCNT, ¢) TEM image showing multi-walls of the CNT,
and d) EDX analysis confirming the Co nanoparticle at the tip of the MWCNT.
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Figure 11. SEM images showing the limitation of using alligator clips as
current collectors a) SEM image of the carbon electrode region close to the
alligator clip and b) SEM image of the carbon electrode region 2 cm from the
tip of the alligator clip.
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Figure 12. Electrochemical analysis of MWCNT-based electrodes in a three-
electrode arrangement (heat-treated SGL 10AA, and samples 1, 3, and 4).

electrode was not high enough for the stainless steel alligator clips to
promote the electrodeposition of Co nanoparticles and the MWCNT
growth over the entire carbon electrode surface area. This effect might
be more pronounced when carbon electrodes with large geometric area
were used. Currently, efforts are being undertaken to develop current
collectors that aid in uniform MWCNT growth over the entire carbon
electrode fiber surface area and will be published in a future paper.

Electrochemical analysis.— The enhancement factors of the
MWCNT-based carbon electrodes were calculated using a three-
electrode arrangement as described in the Experimental section. Fig-
ures 12 and 13 show the multi-step chronoamperometry plot of plain
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Figure 13. Electrochemical analysis of MWCNT-based carbon electrodes
(pre-soaked in CoSO4 and H3BO;3 prior to electrodeposition) in a three-
electrode arrangement (resynthesized sample 4b and sample 5).
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Table I. Enhancement factor measurements

Specimen Enhancement factor
Heat-treated SGL 10AA 5
Sample 1 22
Sample 3 7
Sample 4 11
Sample 4b (resynthesized) 17
Sample 5 50

SGL 10AA, heat-treated SGL 10AA, and MWCNT-based carbon
electrodes. The overpotentials in Figures 12 and 13 were corrected
for ohmic loss using the resistance measured by EIS. The product
of the active surface area (a) and exchange current density (i,) was
calculated from the slope (j—:}) of the multi-step chronoamperome-
try plot. The factor ai, for all the electrodes are normalized to the
value of a plain SGL 10AA carbon electrode to calculate the en-
hancement factors (Equation 2). Even though the exchange current
density of a carbon GDE substrate might be different from that of
MWCNTs, it is the product of active area and exchange current den-
sity that contributes to the effective activity enhancement. As show
in Table I, enhancement factors between 7 and 50 were achieved by
using the MWCNT-based carbon electrodes (samples 1, 3, 4, and
5). The active surface area of the heat-treated carbon electrode was
found be 5 times higher than that of a plain carbon electrode. How-
ever, the active surface area enhancement factor of the heat-treated
carbon electrode was lower than those of the MWCNT-based carbon
electrodes. The enhancement factor of sample 4 (—5 mA/cm? for 0.2
s) was improved (enhancement factor from 11 to 17) upon presoak-
ing it in CoSO4 and H3BO; solution prior to electrodeposition. This
might be a result of uniform Co nanoparticle deposition over a large
carbon fiber surface area on the pre-soaked sample. Also, an enhance-
ment factor of 50 was achieved with sample 5 (—2.5 mA/cm? for 1s).
The smaller nanoparticle size with dense distribution observed in the
SEM images of sample 5 has contributed to the significant active area
enhancement.

Fuel cell measurements.— Finally, the performance of the
MWCNT-based carbon electrode (sample 5) was measured in a
H,-Br, fuel cell. As shown in Figure 14, the discharge perfor-
mance of a single layer of MWCNT electrode is almost equal or
slightly higher when compared to that of the 3-layer plain SGL 10
AA electrode at lower flow rate (10 cc/min/cm? used for MWCNT
electrode vs 20 cc/min/cm? used for 3 piece SGL 10AA). A single
layer of MWCNT electrode not only provided more active surface

Voltage, V

——3pc Plain pretreated - 20cc/min/cm2

0.7 —a—3pc Plain pretreated - 10cc/min/cm2
—&—Sample 5 (MWCNT electrode) - 10 cc/min/cm2

0.6

0 0.2 0.4 0.6 0.8 1

Current Density, A/cm?

Figure 14. Performance comparison between 3 layers of plain SGL 10AA
and sample 5 (MWCNT electrode) in an actual H>-Br» fuel cell.
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area for the bromine reactions but also reduced the mass-transport
distance since its thickness was only one-third that of the 3-layer
plain SGL 10AA electrode. The performance of the MWCNT
electrode was very promising in terms of offering better perfor-
mance and cost benefits. Both the bromine electrode and pump-
ing costs might be reduced by employing a MWCNT electrode
instead of using multiple layers of a plain carbon electrode. Cur-
rently, the electrodeposition and CVD processes are being opti-
mized to enhance the performance of the MWCNT-based carbon
electrodes.

Conclusions

The widely used commercial plain carbon electrodes for Br; re-
actions usually have low specific surface areas. In this paper, a study
regarding the growth of MWCNTs directly on the carbon electrode
fiber surface to improve the active surface area of conventionally used
plain SGL 10AA carbon electrodes was discussed. The Co catalyst
was electrodeposited using both constant and pulse current electrode-
position techniques. Subsequently, the Co catalyzed MWCNT growth
was accomplished using the CVD process. The presoaking of carbon
electrodes in a mixture of CoSO, and H3;BOj prior to electrodepo-
sition led to more uniform Co nanoparticle deposition and MWCNT
growth over a larger portion of the carbon electrode fiber surface.
Active area enhancement factors between 7 and 50 were achieved
using MWCNT-based carbon electrodes. Finally, the performance of
MWCNT-based carbon electrode (enhancement factor of 50) in a H,-
Br, fuel cell was found to be equal or slightly better compared to
that of a plain SGL 10AA (3 layers) carbon electrode. In conclu-
sion, the performance of MWCNT electrodes looks promising and
might play a role in reducing the bromine electrode and pumping
costs.
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