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Abstract

Layer-by-Layer (LbL) deposition of multi-walled carbon nanotubes (MWCNT) was
used to modify porous electrodes for vanadium redox flow batteries. Preliminary studies
performed over glassy carbon electrodes (GCEs) showed that assemblies obtained with
MWCNT displayed better mechanical stability than those prepared with other carbon
nanoforms. The LbL process involved successive deposition of a positively-charged polymer
(in our case polyethylenimine, PEI) and carbon nanotubes modified in such a way to get their
surface negatively-charged, and it was found that the use of MWCNT dispersed with
poly(acrylic acid) (PAA) allowed a faster and more homogenous film growth than —-COOH
functionalized SWCNT. The thickness of the MWCNT assembly deposited onto a GCE
strongly influenced the electrochemistry of VO?*/VO," species. The thicker the film, the better
the electrochemical reversibility resulted. An electron transfer rate constant ko of 5x10%cm s™!
was determined for the electrode prepared with one hundred bi-layers and treated at 650 °C in
inert atmosphere. After optimizing the process on GCEs, the LbL technique was applied to the
modification of graphite felt electrodes (GFEs). GF electrodes modified with ten bilayers of
PEI-PAA(MWCNT) were tested in a vanadium redox flow battery, showing a net decrease in
the charge and discharge overpotentials with respect to the unmodified graphite felt. Lower
overpotentials for charge-discharge resulted in higher energy and voltage efficiencies for the
battery with modified GF electrodes. Furthermore, cyclability of the system was tested and no

fading was observed in the battery performance after one hundred cycles.

Keywords: vanadium redox flow battery, layer-by-layer deposition, carbon electrodes, carbon

nanotubes, graphite felt.



1. Introduction

The demand for renewable energy, e.g. electricity produced from sun or wind, is actually
increasing significantly with the goal to become less dependent from fossil reserves or nuclear
plants. The major drawback of renewable energies is their discontinuous production, varying
dramatically with time, which makes the estimation of production unreliable. Moreover, the
periods of production do not necessarily fit the periods of consumption [1]. Therefore, the
development of renewable energy must be associated to the development of suitable battery
technologies displaying low cost, long life-cycle and low maintenance [1,2]. Redox-flow
batteries are promising devices to exhibit such features [3,4].

Redox-flow batteries (RFB) have the characteristic to dissociate the reservoirs for
storage of anolyte and catholyte from the electrochemical cell, allowing rapid charging and
discharging of the redox species [5—8]. Main components of the battery are the ion-permeable
membrane and the electrodes, these latter being the focus of the present study. Different redox
species can be involved in RFB. All-vanadium batteries, the most-successful commercial
approach to date, involve only vanadium species in both catholyte and anolyte [3,4]. It allows
minimizing the risk of irreversible mixing of electrolyte in case of defects/cracks or undesired
permeability in the membrane separator. Two redox couples are involved in all-vanadium
batteries, respectively V(III)/V(II) and V(V)/V(IV) [8-12]. Studies dealing with the
optimization of the electrode material for improving battery performance usually focus on
increasing the electron transfer rate of the redox reactions, especially those involved in the
anode compartment V(V)/V(IV) which is the kinetic limitation. Such improvement can be
reached by increasing the electrode surface area and/or by chemical surface modification [13—
16]. In this respect, carbon materials have been widely used for RFB optimization [13—18].
Carbon clothes or graphite felt, after activation, display interesting properties for

electrochemical conversion of vanadium species [19-22]. Additional modifications can be



implemented, like metal [21,23,24], metal oxide deposition [25-27] or incorporation of
heteroatoms such as oxygen, nitrogen or phosphorous [14-16,28-33].

It is already known that carbon nanomaterials, i.e. graphite [19-21], carbon nanotube
[34-39], graphene [28,40,41] or graphene oxide [42—44], are likely to improve the
electrochemical reversibility of vanadium species redox reactions. The developed electroactive
surface area and the presence of functionalities such as hydroxyl and carboxyl groups [32,44]
or the sp2 carbon content on the surface are important parameters that can improve the
performance of the battery [45]. Nevertheless, carbon or graphite felt electrodes displaying a
large porous volume that facilitates mass transport of the electrolytes into the electrochemical
cell are still a key component in redox flow batteries [14,29,37,46].

Previous reports in the literature described first attempts to get the combination of the
graphite felt with carbon nanotubes [30,34-36,38,39,47] or reduced graphene [42,44]. The
method usually involved impregnation of the graphite felt with carbon nanostructures and
further drying of the material. One issue here is to reach homogeneous deposition of the carbon
nanomaterial over the whole surface of the graphite felt fibers while maintaining its internal
porosity in order to benefit from the electrocatalytic properties of these materials without losing
the mass transport properties of the felt.

Layer-by-layer (LbL) assembly is a process that utilizes different attractions between
deposited species to create thin films of controlled thickness and properties [48,49]. These films
are most often created by alternately exposing positively and negatively charged constituents
(solid particles or organic polymers), from dilute aqueous suspensions or solutions, to a charged
or polar substrate. Each pair of deposited species (consisting of two individual constituents) is
referred to as a bi-layer (BL) and can range in thickness from few nm to more than 100 nm
thick depending on chemistry, molecular weight of the component, temperature, counter-ion,

ionic strength, and pH [50-53].



This process can be used to create functional thin films offering a wide range of
applications including optical-to-electric power conversion, magnetic sensing and lithium
battery electrolytes [54—56]. The LbL process has many advantages over other coating methods,
including ease of processing, precise control of thickness and composition of the assembly, and
applicability to deposition of rather uniform coatings on surfaces of complex morphologies. For
example, LbL was already used by Grunlan and co-workers to prepare conductive carbon-based
composite films [57,58] and [carbon nanotubes — polyelectrolyte]-based sensors [59].

In the present study, we have evaluated the interest of the LbL assembly method to
modify carbon-based electrodes with carbon nanomaterials (nanoparticles, nanotubes) that
could be used in vanadium redox flow batteries. From preliminary experiments on flat carbon
plates, it rapidly came out that the best results were obtained with multi-walled carbon
nanotubes (MWCNT) and polymers. This most promising approach was thus exploited to grow
layers of MWCNT on the inner surface of a highly porous graphite felt electrode in a controlled
manner. Optimization was made step-by-step, on the basis of systematic deposition on flat
glassy carbon surface, and after that on the graphite felt electrodes (composed of graphitized
carbon fibers). The purpose of this work is to demonstrate the influence of the assembly
parameters and the carbon layer characteristics on the electrochemistry of VO**/VO," and the
related battery performance. Special focus was given to provide a simple method likely to be
scalable on large electrode surfaces for possible implementation in operational redox flow

batteries.

2. Experimental section
2.1. Reagents
Multi-walled carbon nanotubes (MWCNT, length: 5 pum, diameter: 6-9 nm) were

purchased from Sigma-Aldrich. Single-walled carbon nanotubes functionalized with carboxyl



groups (SWCNT-COOH) were obtained from Nanolab (MA, USA). Carbon black powder
(Ketjenblack-EC 600 JD) was kindly provided by Akzo Chemie, Netherlands. Poly(ethylene
imine) (PEI) 50 % (w/v) water solution, poly(acrylic acid) (PAA) 35 % wt. solution in water,
sulfuric acid 98 % and vanadium(III) chloride 97 % (VCl3) were purchased from Sigma-Aldrich
and vanadium(IV) oxide sulfate hydrate 99.9 % (VOSO42xH20) by Alfa Aesar. Glassy carbon
plates (SIGRADUR G-plates 1 x 12 x 20 mm) were obtained from HTW Hochtemperatur-
Werkstoffe GmbH and graphite felt (GFD 4.6 E.A.) from SGL Group (properties, Table S1).
All solutions were prepared with high purity water (18 MQ c¢m) from a Purelab Option water

purification system (Elga).

2.2. Preparation of solutions and suspensions for LbL deposition

The PEI solution (I mg mL') was prepared by dilution of a commercial aqueous
solution of PEI (50 % (w/v)), which was then used to form the positively charged layers.
Negatively charged layers were prepared from suspensions of either MWCNT or carbon black
powder (CB) in PAA, or using a suspension of SWCNT-COOH. To prepare the PAA-based
suspensions, the commercial polymeric solution (35 % wt. in water) was diluted to obtain 100
mL of solution containing 1 mg mL™! PAA, to which 100 mg of MWCNT or CB were added
and dispersed by ultrasonication for 15 min. The suspension of functionalized nanotubes was
prepared by dispersion of 100 mg of SWCNT-COOH in 100 mL of water under ultrasonication
for 15 min. In case of multiple uses, all suspensions have been sonicated again for 15 min prior

to use.

2.3. Electrode pre-treatment and Layer-by-Layer deposition
The LbL process involves the adsorption of a first layer of a positively charged material

(PEI) onto the electrode surface, a washing step, and the deposition of a negatively charged



overlayer (PAA) driven by the favorable electrostatic interactions with the underlying
positively charged component, and further washing with water. This allows the sequential
growth of multiple bi-layers by alternating the deposition of PEI and PAA.

To optimize the LbL deposition several approaches were tested in the GCE. First
attempts were made to disperse various amounts of carbon nanotubes (MWCNT) in a PEI
solution [43,60], but it was rapidly observed that the resulting PEIIMWCNT) suspensions were
not stable. PEI was thus used alone to deposit the positively charged layers and to enable a
better control of the film growth process.

For the deposition of the carbon nanomaterials-based negatively charged layer, different
systems were investigated: a suspension containing only SWCNT functionalized with carboxyl
groups (SWCNT-COOQOH); carbon black particles dispersed in poly(acrylic acid) (PAA(CB));
and finally, multi-walled carbon nanotubes dispersed in PAA solution, leading to negatively
charged particles (PAA(MWCNT)) as described in the literature [43,60]. Glassy carbon
electrodes (GCE) were cleaned and polished using 600 and 1200 grit papers, and then using
aqueous slurries of alumina powders (50 nm) on a polishing micro-cloth. These experiments
were performed by means of an automatic 3 axis moving system made in the laboratory. The
system was programmed to introduce the GCE, alternately in the three suspensions/solutions
(PEI suspension, carbon nanomaterial suspension, and water - washing solution). The protocol
was repeated up to reach a defined number of bi-layers on the electrode surface and samples
were kept in each cup for 1 min. From these experiments with GCE, it was concluded that the
most promising system resulted the one based on the assembly of bi-layers made of PEI and
PAA(MWCNT), and therefore this protocol was employed to obtain functionalized GF
electrodes.

In the case of graphite felts (GF), these electrodes were activated by thermal treatment

at 400 °C for 30 hours under air atmosphere before impregnation in order to improve their



wettability and conductivity, according to the procedure found in literature [19]. The principle
of modification was basically the same as for the GCE, however longer contact times between
the material and the suspensions/solution were necessary and an additional convection was
applied, either by forcing the suspensions/solutions to flow through the felt or by mechanical
stirring. The contact time between the GF electrodes and the suspensions was 20 min and it was
repeated 10 times. After deposition and washing with water, the samples were slowly dried
under air atmosphere by heating from room temperature to 80 °C for 5 hours in an oven. The
deposits were then thermally treated at 650 °C under nitrogen atmosphere, for 1 h (GCE) or 2

h (graphite felt electrodes).

2.4. Physicochemical Characterization and Battery test

Samples morphology was characterized by scanning electron microscopy (SEM,
Hitachi FEG S4800). Measurements of the thickness for the layers deposited on glassy carbon
were conducted using the profilometry function of a home-built scanning electrochemical
microscope (SECM) operating with a shear force control of the tip-to-sample distance [61]). X-
ray photoelectron spectroscopy (XPS) analysis on graphite felt samples was performed with a
KRATOS AXIS Ultra DLD.

Cyclic voltammetry experiments were performed with a SP 150 Biologic potentiostat
(Grenoble, France) in a three-electrode cell containing a 0.15 M VOSOs solution in H2SO4 3 M
as electrolyte, the modified/unmodified carbon material (glassy carbon or graphite felt) as
working electrode, an Ag/AgCl as reference electrode and a carbon rod as counter-electrode.
The quantitative analysis of cyclic voltammetric curves recorded at various scan rates (from 10
to 200 mV s™) allows to estimate the electron transfer rate constant, ko, on the basis of Randles-

Sevcik (Equation S1) and Butler-Volmer equations (Equations S2 and S3) [62,63].



Battery tests and Electrochemical Impedance Spectroscopy (EIS) were performed using
a home-designed redox flow battery (Figure S1) with cavities for electrodes of 0.4 cm x 2 cm
x 7 c¢cm (14 cm? of apparent surface area). Both activated graphite felt and MWCNT
functionalized graphite felt were tested as electrodes. For EIS measurements, the system was
immersed in 3 M H>SOys, and the cell was closed. The measurements were carried out at open
circuit potential (OCP) in a frequency range from 0.1 Hz to 100 kHz with a sinusoidal potential
amplitude of 10 mV.

In the case of charge-discharge experiments the system was fed with the electrolyte from
two recipients containing 20 mL a 50/50 stoichiometric mixture of V(III) and V(IV) at 1.5 M
prepared by diluting the appropriated amounts of VClz and VOSOs in 3 M H2SO4 which was
recirculated at a flow rate of 20 mL min'!. Nafion® 115 (purchased from Ion Power, Germany)
was used as the ion-exchange membrane. Polarization curves were obtained up to 1.2 V at a
scan rate of 5 mV s’ before charge-discharge experiments. Then several charge-discharge
cycles at several current densities (20, 50 and 80 mA c¢m™) were performed, followed by one

hundred charge-discharge cycles at 20 mA cm™ in order to test the cyclability of the system.

3. Results and discussion
3.1. Physico-chemical characterization.

SEM micrographs were recorded respectively before and after modification, to confirm
the successful deposition of PEI-PAA(MWCNT) bi-layers in the felt electrode. Figure 1 depicts
a view of one fiber of the felt (A) before modification and (B) after coverage with 10 PEI-
PAA(MWCNT) bi-layers and pyrolysis. These images show successful deposition of MWCNT
in the form of a quite uniform layer onto the carbon fiber (Figure 1B). The quantity of deposited
materials was however found larger at the periphery of the felt (Figure 1C) than on the fibers

situated in the center of the electrode (Figure 1D). Even if the thickness of the MWCNT layer



is difficult to estimate, the defects/cracks induced during SEM sample preparation enable ones
to conclude that deposits onto the felt surface are thinner (< 1 pm) than on GCE (1.7 um for 10
bi-layers, Figure S3). Deposition of MWCNT was thus less effective on graphite felt than on
the glassy carbon, because of the restricted motion of the slurries used for LbL deposition into
the porous carbon electrode.

XPS analyses were performed on the pristine graphite felt (curve a, Figure 2A), air
activated graphite felt at 400 °C for 30 hours (curve b, Figure 2A), and functionalized graphite
felt after deposition of 10 bi-layers of PEI-PAA(MWCNT) and pyrolysis (curve ¢, Figure 2A).
The corresponding surface chemical compositions are presented in Table 1 (deconvolution of
Cis signal is provided in Figure S4 of the Supplementary Material). In agreement with the
literature [19], the oxygen content at the surface of the graphite felt was increased (from 3.0 to
5.7 %) after thermal activation, due to the formation of oxidized groups on the carbon surface.
The deposition of 10 bi-layers of MWCNT, and their subsequent pyrolysis at 650 °C, results
also in slightly higher oxygen content (6.0 %) and the presence of an additional nitrogen
contribution (2.0 %) is also evidenced, originated from PEIs moieties. A magnification of the
Ni;s signal on the sample modified with MWCNT is shown in Figure 2B. These two signals can
be attributed to pyridinic N (398.2 eV) and pyrrolic N (400.1 e¢V) and no graphitic N (401.3
eV) was detected, in good agreement with results reported elsewhere [29]. The carbon type was
also dramatically modified by the deposition of MWCNT as illustrated by the variation of the
sp? content (Table 1), from 62.5% for the thermally activated graphite felt to more than 73 %
after MWCNT deposition. This is consistent with the fact that the sp>-C content correlates with
the conductivity of the carbon, as electrons are transported along the delocalized p-orbitals [45],

contributing to explain better performance of the MWCNT modified felt electrodes.

3.2. Electrochemistry of vanadium species on GCE electrodes.
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After characterizing the surface chemistry and morphology of materials, their
electrocatalytic performance for vanadium electrochemistry was evaluated by means of Cyclic
Voltammetry. When comparing results for un-modified and modified GCEs, it can be observed
that in the absence of MWCNT, the electrochemical response was characterized by a low
electron transfer rate as evidenced by a peak potential difference close to 0.4 V (curve a, Figure
3A). The number of bi-layers has also a strong influence on the electrochemical behavior of the
electrode after their pyrolysis (Figure 3). The deposition of 5 and 10 bi-layers (BL) led to a

dramatic decrease of AE,, i.e., down to 178 mV for 10 BL (curve b, Figure 3A). A further

increase on the number of BL led then to a continuous, yet slower, decrease of AE, values
(Figure 3B), down to 110 mV for 100 BL (curve c, Figure 3A). Thus, it was decided that 10 BL
were proper for the GFE functionalization, since a further deposition could lead to restrictions
in the mobility of the electrolyte along the porosity of the material.

It is also important to remark the needing of the thermal treatment, since a poor
electrochemical response was observed in the presence of 0.15 M VO** in 3 M H2SOy after L-
b-L deposition (curve a, Figure 4A). The presence of polyelectrolytes will reduce the
conductivity of glassy carbon surface so it is necessary to treat it thermally in order to graphitize
and stabilize the film. Treatments have been performed under nitrogen atmosphere at various
temperatures ranging from 450 to 850 °C for 1 hour. As illustrated for the film treated at 650
°C (see curve b in Figure 4A), well defined redox peaks can be obtained for the VO**/VOy"
redox system. Actually, one can qualitatively analyze the efficiency of the thermal treatment on
the electron transfer kinetics via a measurement of the anodic-to-cathodic peak potentials
separation (AEp). As shown on Figure 4B, the lowest AE, value was obtained for 650 °C, which
is thus the optimal temperature ensuring the effective graphitization of the organic polymers,
ensuring thereby an efficient electron transfer between vanadyl species and the electrode.

Higher temperature led to the degradation of the MWCNT assembly, while a lower temperature
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was not sufficient to convert the polymer from the film into carbon. For instance, a treatment
at 850 °C in these conditions led to the complete degradation of the MWCNT layer and no
electrochemical reaction could be observed (see curve c in Figure 4A).

The critical influence of MWCNT on the electrochemical response to vanadium species
has been largely discussed in the literature [29,34,35,37], however we only found one work
resulting in quantitative analysis of this electrochemical reaction [64]. The quantitative analysis
of cyclic voltammetric curves recorded at various scan rates allows to estimate the electron
transfer rate constant, ko, on the basis of Randles-Sevcik and Butler-Volmer equations [62,63].
A value of ko = 5x10™ cm s™' was obtained for the sample prepared with 100 BL, from CV
curves recorded at various scan rates and corresponding plots of peak currents, i,, versus square
root of scan rate and In(i,) versus potential (see details in Supplementary Material, Figures S5-
7 and associated discussion). This value is in the same range of magnitude as or higher than
kinetic data reported for electrochemistry of vanadium species with different carbon materials
[13,65-67]. All these results point out the interest of applying LbL assembly for the fabrication

of active electrode surface likely to be used in vanadium redox flow battery application.

3.3. Electrochemistry of vanadium species on GFE electrodes.

After demonstrating the improvement on the VO?**/VO," electrochemistry by the LbL
functionalization, as well as, optimizing the pyrolysis temperature and the number of BL for
GCEs modification with PEI-PAA(MWCNT), the cyclic voltammograms were obtained for GF
based electrodes. When results for air activated graphite felt are compared with the one for
functionalized graphite felt, a considerable improvement on electrode performance can be
observed (Figure 5). The graphite felt electrode activated at 400 °C for 30 hours under air
atmosphere showed a peak separation AE=0.38V between oxidation and reduction signals

(curve a), while for the one modified with 10 bi-layers of MWCNT, this potential separation
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decreased down to 0.26 V. Moreover, the cathodic current recorded on reversal scan increased
significantly from -51 mA to -86 mA (curve b). All these features indicate that the modification
of the graphite felt with MWCNT contributes to enhance the electron transfer rates of the
VO?*/VO," redox couple, and therefore, a better performance of these materials as electrodes
for the battery is expected. Consistently with observation made on GCE (Figure 4B), a thermal
at 750 °C led to a degradation of the electrochemical performances, as it is illustrated in curve

c of Figure 5 that shows that the peak separation was increased up to AE=0.68 V.

3.4. Vanadium redox flow battery.

The functionalized material was finally tested in a battery setup designed in our
laboratory (see Figure S1 in the Supplementary Material). We first performed impedance
characterization of the battery (Figure 6A) in the presence of activated graphite felt (curve a)
and in the presence of graphite felt modified by MWCNT in 3 M H>SOs. The fitting results are
provided in Supplementary Materials (Figure S8, Table S2). At high frequency, the DC
resistance of these two systems was not significantly different, indicating that the incorporation
of MWCNT did not significantly alter the electronic conductivity of the graphite felt. As
compared with the unmodified graphite felt, the MWCNT loaded felt showed much lower R.;
values, suggesting that the electroactive surface area of the felt was enhanced. Besides, a
capacitive element was observed in the MWCNT-loaded felt, suggesting that the LbL
modification might make the graphite felt suitable as capacitive material.

The influence of the MWCNT on the electrochemical response was found critical in
terms of improving the battery performance. Figure 6B shows the polarization curves in the
presence of 1.5 M V(III)/V(IV) electrolyte with batteries filled with (a) the original graphite

felt electrode or (b) the MWCNT-modified one. The current started to increase in the presence
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of MWCNT at much lower potential than in their absence, the difference being larger than 800
mV at current densities below 10 mA cm™.

Charge-discharge experiments demonstrated the effectiveness of the LbL
functionalization of GF. As depicted in the previous section, the potential for the V(IV)
oxidation reaction to occur was lower in the case of MWCNT functionalized sample, as well as
the difference between the anodic and the cathodic peak potential (Figure 5). This is clearly
reflected in the charge-discharge experiments (Figure 7) performed at low current density tested
(20 mA cm™). With activated graphite felt, the initial charging potential was closed to 1.4 V
(curve a of Figure 7A). The process started at much lower potential with MWCNT modified
graphite felt, between 0.8 and 0.9 V (curve b of Figure 7A). This difference is ascribed not only
to the more efficient oxidation of V(IV) to V(V), but also to the faster reduction of the vanadium
species on the modified electrode than on the unmodified electrode. After 1 hours, the potential
of both batteries became similar, but after several cycles, the advantage of the modified graphite
felt becomes obvious (Figure 7A). Figure 7B reports the efficiencies of the two batteries, with
graphite felt (dashed line) or with MWCNT modified graphite felt (continuous). The major
difference is observed in the voltage efficiency (blue lines) that is improved by more than five
percent in the presence of MWCNT. A small difference in coulombic efficiency (green lines)
was also observed in these conditions, leading to an improvement of the energy efficiency (red
lines).

Figure 8A reports the long stability of the modified electrode while
charging/discharging at 20, 50 and 80 mA cm™. The battery was first tested during 39 cycles,
showing an energy efficiency of 83 % at 20 mA cm?, 73 % at 50 mA cm™ and 62 at 80 mA
cm. At cycle 39, a polarization curve was performed and the experiment was reinitialized.
This polarization curve reported in Figure 6B (curve c) is showing that the current was lower

after 39 cycles than at the very beginning of the experiment (curve b of Figure 6B), but still
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significantly higher than the current measured with graphite felt in the battery cell (curve a of
Figure 6B). This decrease in the current measured in the polarization curve could be due to
small degradation of the electrode or by the state of charge of the electrolyte. The charging-
discharging cycles were then reinitialized, with using slightly lower limits for the charge and
the discharge processes (Figure 7A), leading to stable energy efficiency of 85 % at 20 mA cm”
2 over 100 cycles.

Finally, we compared the efficiency of the battery with activated GF as electrodes over
more than 100 cycles, at 20, 50 and 80 mA cm™ (Figure S9). The coulombic efficiencies were
similar for both electrodes, however, the lower potential needed to start the charging for the
functionalized electrode and the shorter difference between charging and discharging onset
potentials led to much higher energy voltage efficiencies for this electrode compared to
activated GF (Figure S9B). This difference increases as the current density does being nearly 8
% at 20 mA cm™, more than 20 % at 50 mA cm?, and around 30 % at 80 mA cm (Figure
S9B). These results confirmed that the LbL protocol depicted in this paper is an excellent

procedure to obtain functionalized GF based electrodes.

4. Conclusions

Layer-by-layer assembly can be applied for modification of carbon electrodes with
MWCNT in order to enhance the electron transfer rates of redox species involved in all-
vanadium redox flow batteries. The polyelectrolyte used to assemble MWCNT needs to be
converted into carbon by pyrolysis under nitrogen atmosphere prior to use. The temperature of
treatment strongly influenced the electrochemical behavior of vanadium species and an
optimum at 650 °C was found. Increasing the number of bi-layers improved significantly the
reversibility of VO**/VO," redox couple, especially up to 10 BLs. An electron transfer rate

constant of 5x10™ cm s! was determined in the best conditions. After optimizing the conditions
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on a system where the functionalization process was faster (glassy carbon electrodes), the
method was successfully applied to the modification of porous graphite felt electrodes. XPS
analysis after MWCNT deposition shows a significant increase in the sp? carbon proportion on
the surface and the presence of O and N groups from MWCNT, polyethyleneimine and
polyacrylic acid.

Modified graphite felt electrodes showed a better electrochemical performance on
vanadium electrolyte, needing a lower potential for the oxidation reaction of V(IV) to V(V) and
lowering the difference between the cathodic and the anodic peaks as well as increasing their
intensities. This was also reflected in the battery tests; modified GF electrodes presented higher
energy and voltage efficiencies and this performance was not lost after several charge-discharge
cycles. Therefore, this work demonstrates the benefits of layer-by-layer functionalization of

graphite felt electrodes with PEI-PAA(MWCNT) for all-vanadium redox flow batteries.
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Figure captions

Figure 1. Scanning electron micrograph of one fiber of a graphite felt observed (A) before and
(B) after modification with 10 PEI-PAA(MWCNT) bi-layers. (C) Periphery and (D) center of
the graphite felt electrode after modification with 10 PEI-PAA(MWCNT) bi-layers. The sample
has been treated at 650 °C under nitrogen atmosphere.

Figure 2. (A) XPS spectra of (a) the pristine graphite felt, (b) the activated graphite felt and (c)
the graphite felt modified with 10 PEI-PAA(MWCNT) bi-layers and treated at 650 °C under
inert atmosphere. (B) Narrow Nis XPS spectrum of the graphite felt modified with 10 PEI-
PAA(MWCNT) bi-layers and treated at 650 °C under inert atmosphere. The binding energy
from pyridinic N at 398.2 eV and pyrrolic N at 400.1 eV are indicated on the graph.

Figure 3. (A) Cyclic voltammograms recorded at 5 mV-s™! in presence of solution containing
0.15 M VOSO4 and 3 M H>SO4, using (a) an unmodified GCE and GCE modified with (b) 10
and (c¢) 100 bi-layers of PEI-PAA(MWCNT). (B) Variation of the anodic-to-cathodic peak
potential differences as a function of the number of PEI-PAA(MWCNT) bi-layers on the

electrodes. All electrodes were treated at 650 °C under nitrogen atmosphere prior to use.

Figure 4. (A) Cyclic voltammograms recorded in the same conditions as in Fig. 3 using GCE
modified with 10 PEI-PAA(MWCNT bi-layers, respectively (a) before thermal treatment and
after treatment at (b) 650 °C or (c) 850 °C. (B) Variation of the anodic-to-cathodic peak

potential differences as a function of treatment temperature.

Figure 5. (A) Cyclic voltammograms recorded in the same conditions as in Fig. 3, using (a) an
activated graphite felt electrode, and (b&c) a graphite felt modified with 10 bi-layers of PEI-

PAA(MWCNT) and treated at (b) 650 °C and (c) 750 °C.

Figure 6. (A) Electrochemical Impedance Spectrocopy characterization in 3 M H2SO4 of the

battery cell prepared with (a) graphite felt and (b) graphite felt modified with MWCNT. (B)
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Polarization curves using (a) an activated graphite felt electrode and (b and c) a graphite felt
modified with MWCNT. Curve b has been measured before the first run of the battery test and

curve c before the second run of the battery.

Figure 7. (A) Charge-discharge experiments at 20 mA c¢cm™ with (a) graphite felt and (b)
graphite felt modified with MWCNT. (B) Coulombic (green), energy (red) and voltage (blue)
efficiency along several charge-discharge cycles for (dashed) graphite felt and (continuous)

graphite felt modified with MWCNT.

Figure 8. (A) Charge-discharge experiments at 20, 50 and 80 mA cm? using MWCNT
functionalized graphite felt. A first experiment has been performed (blue curve) before the

experiment was continued with different charge-discharge potential limits (black curve).
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Table 1 — Atomic concentration and carbon type (relative amounts expressed in %) of various graphite
felt samples, as obtained from XPS analyses.

Atomic concentration (%) Carbon type (%)
Sample C 0 N Csp2  Csp’  C-O
(a) Pristine GF 97.0 3.0 - 68.1 22.6 9.4
(b) Activated GF 943 5.7 - 62.5 27.2 10.3
(c) Activated GF modified with 10
PEI-PAA(MWCNT) bi-layers and 92.0 6.0 2.0 73.3 19.3 7.4

pyrolysed at 650 °C under N»
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