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ABSTRACT. This work describes the design of an electrodéh veihhanced performance
applied to all-vanadium redox flow batteries (VRIBghis new electrode consists of a structural
porous carbon felt decorated with TiQutile nanoparticles, which has been nitrided gsin
ammonolysis at 900 °C. An outstanding charge anssrtransfer over the electrode-electrolyte
interface was observed as a consequence of thegsyiteeffect of N- and O-functionalization
over carbon felt (CF) and the partial formationTdfl (metallic conductor) phase. Moreover, this
material has not only improved in terms of cataysivards the ¥/V?* redox reaction @< 1.6

x 10° cm $Y, but also inhibited the hydrogen evolution react{(HER), which is one of the
main causes of imbalances that lead to batteryr&ilThis led to an impressive high-power peak
output value up to 70nW cnf, as well as work at high current density in gabstatic
conditions (i.e. 15@nA cn¥), exhibiting low ohmic losses (overpotential) agreat redox single
cell reversibility, with a superior energy efficgnof 71%. An inexpensive, earth abundant and
scalable synthesis method to boost VRFBs techndbaggd on nitrided CF@T0s presented,
being able to overcome certain constrains, andetber to achieve high energy and power

densities.



1. INTRODUCTION

Stationary energy storage systems have increasedlenance over the past decade
because of their important role in grid-scale aggtions, contributing to systems such as
intermittent renewable power sources, smart-gtielgration and energy self-consumption
to guarantee the electrical supply in remote afeathis framework, the important role of
vanadium redox flow batteries (VRFBs) towards pdowy clean and affordable energy
has been well-reported in the literature.[1-4] Nthaess, the practical implementation
of this mature technology has been hampered dtleetohigh capital cost, proving to be
a critical factor for the widespread commercial@at Recently, viability studies showed
that the cost of VRFB for frequency regulation imat $560 kWh[5] making VRFBs

economically uncompetitive systems.[6,7]

The cost and performance of the stack is influentsd three components: 1)
membrane[8—10]; 2) electrodes[11-18] and 3) bipplates[19—21]. Special attention
should be paid to the electrodes since they sugperelectrode kinetics and determine
the overpotential and, consequently, the efficienicthe entire system. In addition to this,
the 3D porous structure of the electrodes detemnititee flow and permeability
characteristics that influence the mass transpegtpmtential incurred during operation,
as well as the pressure drop across the electrdddfds well known that improvements
in the electrochemical performance of the electsathn be achieved by either increasing
their surface area or their electrochemical agtivitt this point, it should be considered
that the reported values for the kinetic constasbaiated to ¥/V?* redox reaction,
spread over three orders of magnitude, showing ttiatsurface characteristics have a

strong influence on the electrochemically activéfare area, as well as the reaction rate



constant. Consequently, the study of the influenicRinctional groups over the surface
properties and gkvalues is still a fundamental open question[23]nt@ary to the initial
expectations considering the simplicity of the teacmechanisms[24], kinetics towards
V#IV3* are far less favoured comparatively to the */@O," redox reaction[25],
limiting the cell performance. This is a particufapblem due to the sluggish kinetics of
the VV*/V** redox couple at the negative electrode occurrin@.26 Vvs.SHE (1), more
negative than the hydrogen evolution reaction (HER)in highly acidic electrolyte[26—

29].
V¥*+e o v E°=-0.26 V vs. SHE (1)
2H" +2é o H, E°= 0Vvs. SHE (2)

Furthermore, this fact coupled with a high chamgamdfer resistance {R of the carbon
felt electrode leads to a large overpotential ef $lgstem, preventing the charge process
achieving 100% state-of-charge (SoC) and lowerioljpge and energy efficiency of the
battery. We have previously demonstrated[29] impdovperformance by the
implementation of hydrogen-treated Ti@lectrodes, which enhances the electrode’s

electrical conductivity, leading to a small ovemgadial and low charge transfer resistance.

In this context, recent research [30,31] have fedusn the potential enhancement of
performance due to the presence of oxygen andgeitr-tvased functional groups at the
surface of the electrodes, as a consequence ofcegaise of the electrochemical kinetics
of the V*/V*' redox reaction. Weiet. al demonstrated that TiN bonds at the
electrode/electrolyte interface are able to reath wanadium to form the stable V-N-Ti

intermediate, necessary for the electron transfecgss[30]. Additionally, TiN has also



received substantial attention, owing to its laeggctrical conductivity (10 S cni')[32]
and high stability in strong acid media[33], whiagh our case, coupled with the
functionalization of the carbon structure, conttdsu to the enhancement of the
electrocatalytic activity towards the®"W>* redox reaction. By growing TiOnanowires
onto the surface of the graphite felt via a seesistesd hydrothermal approach, that are
then nitrided to TiN, we have obtain energy efimdg values above 70% at high current
densities up to 15A cn¥, which evidences good stability and high capawtgntion.

Figure 1 shows a comparative of the energy efficiency v@aluemTable S1

In parallel, other authors have reported on thaiggnt role played by the C-N bonds in the
interaction with the vanadium species [34]. Nitnegoped carbon samples have been widely
investigated for electrochemical applications, egly for the oxygen reduction reaction in fuel
cells, and it has been concluded that it is thédif@ed adsorption of oxygen what improves the
electrocatalytic activity of these carbon matef&8s-38]. Moreover, it is known that after the
mild oxidation of the carbon felt at 500°C foh5the cell energy efficiency is improved, which
is attributed to the formation of oxygen relateddtional groups[39]. The appropriate formation
of C-OH, C=0, and C-O functionalities increases stendard heterogeneous electron transfer
rate for \VA*/V?*, from 3.2x 10 to 1 x 10° cm s, one of the highest values found in the
literature[40]. These electrode modifications hielglecrease the fraction of the current directed
towards H evolution in the same way as reported in our evipaper on Ti®H graphite
felt[29]. Therefore, nitrogen modified carbon-bassdfaces show a similar improvement as
increasing oxygen groups on the carbon-based ss;facaking it electrochemically more active
as well. Among the four main types of nitrogen greuthe quaternary or graphitic-N has been

found to be the more stable in the acidic enviromp3®]. However, pyrrolic-N has been



proposed to be the most electrochemically actit®gen site enhancing the catalytic activity in
these nitrogen-modified carbon-based electrode matgtefor VRFB[41].Here, we discuss the
synergetic effect of the oxygen and nitrogen grodpactionalization on the carbon-based
surface, which is coupled with the nitrogen andgety (especially hydroxyl) group’s formation
from titanium-based coverage, when CF@JiB nitrided. Additionally, in the previous
published paper on the role of TiN electrocatalgystRFB, their power-related application was
not discussed and the performance evaluation bisiigd to the charge/discharge experiments
as a proof-of-concept[30,31]. However, from thenpaf view of feasible applications, many
efforts have been made to date to improve the peaker densityas it constitutes a key
parameter for the assessment of the battery powst Eor example, Aaroret al
demonstrated significant improvements using starkimeets of carbon paper, achieving values
up to 557mW cnif [1]. Liu et al. demonstrated a greatly improvement of this peakepwalues
using no-gap architecture cell and thermal prettneat of the carbon paper electrodes,
demonstrating a high-power density value of 5#@V cnf [41]. Mayrhuber et al. also
demonstrated an increased power density using cgraper-based electrodes, attaining values
up to 543mW crif [42]. More recently, UTRC's cell technology enabkasbstantially high
power densities, where the peak power is aroun® b8% cni? for UTRC'’s VRB cell [43]. In
this context, due to the importance of the celbsvpr output, we have also analyzed the power
peak density performance of the electrodes obtadpgdlying our proposed nitride process of a
carbon felt previously decorated with TiG@utstanding values of power density up to A
cm? have been measured, corroborating the relevanteeqgiroposed procedure combining the
synergetic effect produced by the nitride treatnmrer titanium dioxide and carbon felt. This

presents a procedure for increasing the currensiggenf the system with the concomitant



decrement of the stack size cosinf€) and a route to lowering the large capital powestof
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Figure 1. - Comparative of the state of the art energy efficieand electrolyte utilization ratio
related to the nitride electrode enhancement.



2. EXPERIMENTAL SECTION
2.1. Nitrided CF @TiO; electrode synthesis.

TiO, nanorods have been directly grown over a commnletaidon felt (CF, 4 cmand 5
mm thickness from Mersen S.A., Spain) using a hiydnonal process reported in our
previous studies[29]. Prior to this step, CF isspla-treated in oxygen atmosphere for 10
minutes. Subsequently, an initial annealing at S0@or 4 h in O, atmosphere is done in
order to remove all the impurities, Afterwards, FHased electrodes are nitrided by ;NH
gas at several temperatures 500 and’@0f@r 14 hours. The samples are labelled as

CF@TION500 and CF@TIigN900 electrode, respectively.
2.2.CF @N900 electrode synthesis.

A commercial carbon felt (CF, 4 érand 5 mm thickness from Mersen S.A., Spain) has
been modified using a hydrothermal process anakgiu the nitrided CF@TiO
electrode synthesis but in absence on titaniumupsec. Prior to this step, the CF was
plasma treated in oxygen atmosphere for 10 minwésrwards, the electrodes were
nitrided by NH gas at 90U for 14 hours in order to study the structuralnges on CF.

The sample is labelled as CF@N900 electrode.
2.3.CF-HT electrode synthesis.

A commercial carbon felt (CF, 4 émand 5 mm thickness from Mersen S.A., Spain) has
been treated in a high vacuum plasma cleaner sy$tamma etch inc. PE-50) in oxygen

atmosphere for 10 min.



2.4.Morphological and structural characterization.

The morphology and nanostructure of electrodes Hmaen characterized with a Zeiss
Serie Auriga field emission scanning electron nscape (FE-SEM). Moreover, the
weight content of the different electrodes compdsida done by thermogravimetric
analysis (TGA) in an air atmosphere. The methodllicases is an initial isothermal for
60 minutes at 30°C, afterwards a 10°C/min rampoup00°C and holding it for 1 hour,
which is followed by another 10°C/min ramp up td95 keeping that temperature for
another hour and ending with a cooling down toithigal 30°C. BET surface are for each
electrode is measured in a MicroActive TriStar 028 using for that purpose;Nas.
Structural characterization was carried out by X+Rdfraction (XRD) in a D8 Advance
Bruker equipment with a Cud(A = 1.5406 A) radiation sources working at 40 kV and
40 mA. UV/Vis absorption spectra were recordedhe diffuse reflectance mode on a
PerkinElmer Lambda 950 UV/Vis spectrometer equipptt a Praying-Mantis diffuse
reflectance accessory. The chemical compositionggsm on the surface of the electrodes
were analyzed by XPS using a PHI instrument mod&B5Multi-technique with Al k&

radiation (1486.&\).
2.5.Electrochemical characterization.

A three-electrode glass cell was used to do fund#mheslectrochemical studies. As-
prepared electrodes (0.25 Yrwvere used as working electrodes, platinum wirecamter
electrode, and Hg/H&§O, as reference electrode. Nitrogen gas was useddrydenate
the electrolyte. Electrochemical measurements ane avith a Biologic® VMP-3 multi-

potentiostat controlled by EC-lab® software. Thec#locatalytic reaction of the studied
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electrodes towards negative reaction in VRFB waasue=d by cyclic voltammetry (CV)
between cut-off voltages of 0.5 and -0.9 V vs. SME2 mV §" scan rate in 0.05 M ¥
and 1 M HSQ,, obtaining the fundamental parameters, detail asvioli) Current density
values for oxidation and reduction peaks, (p); ii) Onset potential and peak potentigh,(Ec);

iii) The ratio of oxidation and reduction peak @nt densitieslJ/l,c,); and iv) and peak-to-peak
potential separation. Moreoverhe mass transfer negative electrode-electrolyte has bee
obtained from CV at different scan rates, from B@mV §'. Electrochemical impedance
spectroscopy (EIS) spectcantaining 0.05 M vanadium species in 1 M sulfad (PEIS -
0.26V vs. SHE) was done at a frequency from b@8zto 200kHz The hydrogen-evolution
reaction of all electrodes studied was evaluat@ésusear sweep voltammetry (LSV) at
2 mV st in 1M H,SO,. Tafel measurements were done under potentiostatitrol in a
50% SoC V'/V?" and 1 M HSO, solution. In order to ensure it, potentiostati?@V
was applied until the current is stable near 0 nm’c Afterwards, differentials of
potential were applied in a range of £ 200 mV frtm equilibrium (Ec, = -0.26 V) to

obtain p which is directly related to the kinetics of tleaction.
2.6.Flow-Cell Test.

The electrolytes were prepared dissolving 1 M vamadons (Alfa Aesar) in 3 M k80,
(Aldrich, 98%) solutions. The corresponding anatyend catholytes can be prepared
through an electrochemical process[12]. The VRFRBglstcell performance was
measured using an in-house designed flow cell systéhich has been described in our
previous work [12]. The single-cell was assemblaadsviching the membrane (Nafion®
117, 6 cm x 6 cm) between two pieces of workingsteteles with an area of 4 ém

approximately compressed a 30%. The graphite higm&tes which are composed of 3
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serpentines flow fields with diameter of 2 mm. Theer faces of the bipolar plate were
coated with a sputtered layer of copper to act asreent collector. Viton® gasket was
used to seal the cell. Metallic aluminium end-patesre used to close the cell. In order to
investigate the effect of the different materiastided TiO, nanorods have been used as
negative electrodes, while CF-HT was used as pesiiectrode. The single-cell was
connected to two glass reservoirs containing 20catholytes and anolytes, respectively.
The flow rate at each side was 10 mL thand the negative reservoir was continuously
purged with nitrogen to avoid any oxidation of thetive species. The flow cell was
charged up to 1.8 V and then discharged to 0.8 ¥Wifferent current densities, from 25 to
150 mA cn?. The performance evaluation method for the VRAR)ls cell was mainly
determined by the following efficiencies: 1) Couloim efficiency (CE), the ratio of the
average discharging capacity to the average chargapacity, 2) Voltage efficiency
(VE), the ratio of the average discharging voltagehe average charging voltage, (3)
Energy efficiency (EE), VE multiplied by CE/100. éarding to Faraday’s law, the
theoretical capacity in VRFB was calculated to B6 :Ah (13.4 Ah [*) or 18.8 WhL*

for 1 M vanadium ions concentration, respectiv@lige theoretical capacity expressed in
AhL™ has been calculated taking into account the tathlmae of the tanks (i.e. 40 mL).
Additionally, to study the battery response to pdiscurrent and therefore plot the
polarization curve, the battery was discharged apexcified current density, from 0O to
1900mA cm?, for 60s. After, a rest period ofndin to a steady state at OCP was
measured. The power density curves were obtaimmed fhe product of output voltage at

the voltage applied and the corresponding curremisity. These measurements were
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performed at a 100% state of charge (SoC) as angfgnoint for each one of the current

densities applied.
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3. RESULTS AND DISCUSION

3.1. MORPHOLOGICAL AND STRUCTURAL CHARACTERIZATION

o = ;“’?¥
-‘-.(:ki&":‘& P Vas

GF@Ti0,:N700 =

Figure 2- FE-SEM images of thea) CF@TiO; b) CF@TIQ: N500;¢c) CF@TIQ N700

d) CF@TiQ, N9OO.

The morphological structures of the as-preparedtrelde were characterized by FE-SEM. TiO
nanowire coverage directly growth into the surfaéearbon felt, which is 0.45 7y (Figure
S1), with rod morphology by hydrothermal proceBsg(re 2) containing an average weight of
48% in titanium dioxide Kigure S2. Some changes can be appreciated after thethiddmal
treatment, which forms local agglomerations of Fi@norods due to the reductive conditions of

the ammonia gas[44]. The initial nanorods sizetlier CF@TiQ electrodes, with a BET surface
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area of 9.9 ffig, is smaller comparatively with those after tharrimeatment at 50C. In this
case the nanorods tend to be more compact and.l&igeever, as the temperature increases a
sintering effect makes the particle size to dinfirfisr 700C. In case of annealing at $the
particle size and porosity of the covering layehighly reduced, which is shown in the value of

BET surface area with a value of 1.7/q

Subsequently, the XRD spectra of the samples aethesl different temperatureBigure 3a)
showed an initial rutile (Tig) structure of the deposit over carbon felt with thffraction peaks

at 27.4, 35.8, and 54.38 consistent with the rutile T¥(110), (101), and (211) crystalline
planes, respectively. All peaks were in line witle tstandard pattern (JCPDS: 21-1276). After
the NHs-treatment at 900°C, three diffraction peaks appedl.8; 42.7 and, 3729 , which
correspond to the (111), (200) and (220) planeshefcubic TiN phase (JCPDS: 65-0714).
Below 900°C as a temperature annealing, it can loalgbserved a broad peak due to the nitride
process at 42.7 corresponding to (210) for theerptiase. A more detailed analyétsgure 3b)

of the diffraction peaks associated with the ruplease showed a distortion of the peak profile

produced by the incorporation of nitrogen into ithterstitial sites of rutile phase.

i) The rutile peaks show an asymmetrical shape irgtichy the area patterned with a
sparse green square, &sgure 3b shows around 36°. This corraborates that
nitridation process due to the chemical interactibthe surface level is producing the
breakage of the bonds in the Fj(Qroducing a lattice weakness that leads to the
generation of defects and vacancies and givesaigaelamaged outermost Li@yer,
which justifies the asymmetrical shape of the peakshe damaged area contributes

essentially with larger interatomic distances,toethe left area of the peaks[45].
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i) Secondly, the Ti@rutile structure remains even after the appearaheecubic TiN
phase around 900 °C pointing out that only a TiNnation. However, the position of
the XRD pattern of the rutile peaks shifts towandgher D values as the temperature
is increased from 500 to 900°C, i.e. from 27,5821¢71° showing that rutile had
undergone a nitrogen doping over titanium dioxidamarods as temperature was
increased achieving strain valuesd(d) around +1%, where “d” is the inter-planar
spacing. The crystalline domain size from these X$§{ectra considering Debye-

Scherer formula is around 5o

iii) Thirdly, as the nitrided treatment reaches 900tR€re is an overall modification of
the sample structure. The broad peaks presentbe igreen area, observedHigure
3b, disappear, showing that the stoichiometry of JTi® recovered and TiN phase
formed. Therefore, it is plausible to assume th#t i localized at the outermost
zone of the remain unaffected Li@xactly where TiN stress phase formation can be
relaxed. For this phase, the crystalline domaimnfithe Debye-Scherer formula is
around around 38m Additionally, the XRD of CF@TiIEN500 and CF@TIgN700
does not show any peak realated to TiN. In consemyeat this stage, TiN phase is
not yet seggregated from the TLi@nd nitrogen is only present inside of the JiO
lattice such as the peak deformation corrabordtés.also worth consider such high

temperatures could also functionalize the carbtirsteface.
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Figure 3- a) X-ray diffractogram of CF@TiQ CF@TIQ N500, CF@TIiQ N700 and
CF@TIO, N90O0 electrodes, showing chacteristic TiN (top) and JTi@utile, bottom)
patterns.b) Detailed analysis of the XRD peaks showing the asgirical shape due to the

nitrided process as well as the appeareance ofeWwerliN phase at 900°C.
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3.2.CHEMICAL CHARACTERIZATION

XPS spectra analysigigure S3) shows the surface effects of the nitride proc€&bs. influence

of nitrogen incorporation on the state of titaniwas probed through the Ti2p spectrg(re

4). Significant differences can be distinguished tftog CF@TiIQ N900 sample, it can be seen

that 3 doublets are needed to fit the titaniumaigorresponding to the different expected bonds
Ti-O (458.5 eV), Ti-N-O (456.8 eV) and Ti-N (455%) in a relative percentage of 50%, 29%

and 21%, respectively. Comparatively the typic&;ldoublet related to titanium (IV) at 458.5 e

eV is seen in CF@Tifand CF@TiQ N500, with a small additional doublet contributifsam

Ti (1) in the lattice structure in case of CF@Ti500 at 458.9 eV.

Furthermore, the O1s spectraFigure 4 shows an increasing surface defect formation twer
metal oxide lattice by oxygen deficient groups O {dark blue peaks) at 531.5 eV, following the
relative area percentage: CF@7iQ2%) < CF@TiQ N500 (45%) < CF@Ti®IN900 (51%).
There is also the existence of small contributioglated to different oxygen bonds over the
carbon surface centered at higher energy values €53 (light blue peaks). Oxygen XPS band
for CF@N900 Figure S4) gives evidence for the oxygen groups formed an darbon felt
surface, as three deconvolution peaks related © Qel. 2%) at 530.8 eV, C-O (rel. 69%) at

532.1 eV and C-O-H (rel. 29%) at 534.2 eV
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Figure 4- Ol1s and Ti2p XPS spectra for CF@TiQF@TIQ N500 and CF@Ti©®N90O.
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Hence, bearing in mind that XPS signal is accufatea few nanometers thickness (about 10
nm)[46,47], the crystalline domain determined frone tkRD spectra the surface of CF@%iO
N900 electrode could be described as a,T#0rface with numerous zones of TiN (21%)
surrounded by Ti-O-N transition areas between TiNl §iO, at surface level (29%). It is
confirmed by the N1s XPS band spectrag(re S5 that CF@TIQ N900 shows as main
contributions the N-Ti (4% at.) bonding at 396 &¢, well as Ti-N-O (4% at.) at 398 eV, both
centered at 396.1eV. Moreover, there is a 2% daution of the spectra coming from pyridinic,
pyrrolic and graphitic nitrogen groups formed at ttarbon felt surface uncovered , which are
centered at 400.2 eV. A 55% corresponds to pygei(399.7 eV), 31% to pyrrolic-N (400.3
eV) and 13% to graphitic-N (401.3 eV). The nitrodenctionalization is confirmed for CF@
N900, as the deconvolution of the high resolutidis Mpectra reveals the presence of the peaks

related to: pyridine-N (399.7 eV), pyrrole-N (40@%) and graphitic-N (401.3 eV).

Furthermore, EDS mapping of a CF@TiO2 N900 fibessfsection, as seenkigure SG have
been done in order to elucidate where the TiN pl&decated. Although the characterization
techniqgue cannot distinguish that scattering, XH&racterization showed the element
composition on the electrode surface. This resltaherent with the TiN/TiQratio value
obtained by TGA, which is 0.22. Considering thegheipercentage for CF@TiO2 N90O there is

a 12.6% of TiN in contrast with a 56.6% of TiEigure S2.

The NHs-treatment notably modifies the surface chemicalest and, consequently, the optical
properties of the Ti@ For example, the color of the rutile’s deposihiet is completely white
in the case of the initial TiDsample, Figure 5a) turns bluish on the deposit after ptleatment
at 500C (Figure 5b), due to defect formation on the rutile[48)] caused by the reducing

effects produced by the presence of ammonia. Theaed sample at 790 (Figure 50 is
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changed to black due to a deeper defect formakimrally, the case of 90C (Figure 5d) turns
to a brown color as a result of the titanium nérifliN) formation. The following reactions
explain the annealing processes that the electr@dessubjected to in the presence of

ammonia[50]:

2NHs «—> N, + 3H, 4)
TiO,+H, — +—> TiO + H,0 (5)
TiO + NH; “—> TiN + H;0O" (6)
TiO,+NH; <«—>  TiON + H;O" (7)
2TiIO+N, <«—>  2TiON (8)

Initially, when ammonia gas is heated, it decompose hydrogen and nitrogen gas (4).
Hydrogen partially reduces the titanium dioxide g#hao titanium monoxide (5) which in the
presence of the acidic electrolyte will form theybydroxide. However, in order to produce
titanium nitride, the heating temperature shoulacheat least 808C. Below that temperature,
reaction (6) will not take place; therefore TiN Mnbt be formed. Intermediate reactions (7) and

(8) take place from 700°C to form the oxynitrideap@[51].

In order to confirm these findings, the UV-vis spacFigure 5€), was performed in the as-
prepared electrodes. Tidanorods after ammonia thermal treatment afG@isplayed a color

change from white (CF@Tito blue (CF@TIQ N500).

21



——CF@TiO, N500
— CF@TiO, N700
— CF@TiO, N900

85

Absorbance / %

80 1 1 1 1 1
300 400 500 600 700 800
Wavelength / nm

Figure 5- Images, taken from Carl-Zeiss optical lens, of ¢hextrodes after their respectively
treatment:a) CF@TIO,; b) CF@TIQ, N500;c) CF@TIQ N700d) CF@TiGQ N900 e)

UV-vis Absorption spectra for CF@TIOCF@TIQ N500, CF@TiIQ N700 and CF@Ti@
N900.
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This suggested that CF@TiM500 electrode has an optical response in the lgigiange
extending its absorption from UV into 800 niFigure 56), in contrast to CF@TiPelectrode
which only presents absorption in the UV regiod30 nm). This expansion in the absorption
from the UV to visible spectra could be attributedbxygen vacancies formation in the titanium
dioxide structure (bands at 441 and 486 nm), resiptn for the changes in the electronic
distribution, and therefore, the blue color[52,9@8preover, CF@Ti@N700 slightly reduces its
absorbance due to the color change from blue tckhlathe near UV region, but preserves a
similar absorbance profile as CF@3%iN500. Additionally, two absorption peaks around 494
and 695 nm are also observed in CF@MNO00 electrode. The appearance of these two peaks
are related to the formation of TiN crystallitesdasurface Plasmon resonance effect of TiN,

respectively[54,55].

3.3.ELECTROCHEMICAL CHARACTERIZATION

After studying the chemical modification of the fdilent electrodes, cyclic voltammetry (CV)
was conducted to analyze the electrochemical pegnce of our electrodes toward$ >
redox reaction {able 1). Several electrochemical observations can be niexte the CV
(Figure 63a). It is clearly evidenced the poor electrocatalydictivity of the CF towards the
negative reaction in VRFB, as large differentiablpgpotential corresponding to the*¥x/?*
redox reaction is observed. This irreversibilitydise to the fact that the CF electrode promotes
the HER over the ¥/V?* redox reaction. The presence of the Jiectrocatalyst over the
surface of the CF electrode largely prevented tBRFnd the oxidation and reduction peaks
corresponding to the ¥/V?* redox reaction could be clearly observed. Howemene of these

peaks are no symmetrical and the obtained curemdity values are the lowest for all modified
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electrodes tested. Further differences can be wbdemwhen compare CF@TiON500 and

CF@TiO, N90O0 electrodes, and are summarized below:

1)

2)

The highest current densities for both processadation and reduction, is displayed by
CF@TIO, N900 electrode (i.e.p= 24.01 mA/crh and e -27.67 mA/cm), which
evidences the greater electrochemical conversigheofctive species on its surface due

to a larger electrochemical active surface areatdsithe \''/V?* redox reaction.

The peak-to-peak potential separatiac) and the ratio of the reduction peak and the
oxidation peak current {l{lox) provide information about the reversibility ofetmedox
process. For one-electron transfer reaction, th@esgaor a reversible redox reaction are
AE = 0.059 V and/ddlox = 1 at 298 K. A slight difference of thE values between both
electrodes, CF@Ti©ON500 and CF@Ti®@ N900, can be observed 0.24 and 0.22 V
respectively. However, a significant increase fr@60 to 0.87 for /[kflox can be
observed, showing a higher symmetry for CF@,IN900 electrode towards the reaction.
Thus, in terms of electrochemical reversibilitye t&GF@TIQ N900 electrode presents

better features, achieving values for a quasi-sibker reaction towards3/Vv3".
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Table 1 - Electrochemical values obtained from the cyclidamimetry plots.

Ex/V Erd/V  AE/V  lo/MACM?  lreqg/MACM?  edll ox

CF -0.066  -0.625 0.69 9.21 -13.98 0.66
CF@TIiO, -0.228  -0.469 0.24 3.67 -6.84 0.54
CF@TiO,N500 -0.233 -0.468 0.24 5.28 -8.77 0.6D
CF@TiO2N900 -0.232 -0.456 0.22 24.01 -27.67 0.87
CF@N900 -0.230  -0.463 0.23 15.95 -20.56 0.78

Additionally, in order to elucidate the electrocheahinfluence of the nitrided process onto 7iO
layer, as well as on the carbon felt, samples witlf@O, layer were also prepared and analyzed,
labeled as CF@N900. As observed Tiable 1, the main differences between these two
electrodes are observed in the current densityegalthe lower current density, from 33% for
reduction to 25% for oxidation reactions, slighgipallerAE (0.23 V) and reduceg.¥lox (0.78)
displayed by CF@N900 comparatively to CF@Z 000 electrode. It points out the positive
benefit of the proposed technological route to embathe VRFB negative redox reaction.
Accordingly, the experimental data showed a syrtgrgeffect between the nitrided process

effect over the CF and on TiGtructure, coupling the better electron transfevards /v
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redox reaction due to functionalization over theboa electrode’s surface and over the TiN

nanocatalyst formed.
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Figure 6 — a) Cyclic Voltammetry of the electrodes @05 M V**and 1 M BSO, solution.
The voltage was scanned negatively frogs, Bt 50% SoC (V/V?") at a scan rate of hV &,
to -0.56V vs. SHE and after reversing the direction to ailatve potential up to -0.0€ vs.
SHE b) Potentiostatic electrochemical impedance speams@EIS) done at -0.26 ¥. SHE.
c) Randles-Sevcik plot of vs. v’ d) Tafel plot logi vs.# (overpontential) for the different

electrodes used in a 0.05 M 50% So€/V3"in 1 M H,SO, solution.
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Electrochemical impedance spectroscopy (PEIS) meamnts were conducted for all the
electrodes at -0.26 V. SHE, in order to establish the difference in tleeteochemical behavior
of the prepared electrodes. Nyquist pld&g(re 6b) of all electrodes a semi-circle at high
frequency region and a sloped line at the low fezmy region ascribed to charge transfer
process and the diffusion process, respectively ddita were fitted using Randles equivalent
circuit (Figure 6b onset). The following elements can be ascribetieditting: i) the R element
represents the ohmic resistant, combining the religt¢ resistance, connection resistance, and
the electrode resistance; ii) CPE-1 has a Faradioponent (Y), which is a double layer
capacitance (& of the interface between the electrode and tketmllyte, and a no-Faradic
component (), iii) charge transfer resistancec{fRand iv) CPE-2 has a Faradic componen),(Y
which represents the diffusion capacitance in parésthe electrodes, and a no-Faradic

component (). The data parameters obtained are listethiole 2 with an error less than 10%.

Table 2 — Parameters obtained from fitting the Nyquits ploith the equivalent circuit model of

Figure 6b.
Sample g ;onm CPE-1 Ry / Ohm CPE-2
Yl (Cd|) nl YZ nZ

CF@TIO, 10.4 0.004451 0.92136 80.5 0.77467 0.81453
CF@TiO, N500 11.7 0.020095 0.89663 34.4 1.589 0.91352
CF@TiO, N900 12.3 0.084218 0.76553 1.25 2.781 0.6693
CF@N900 13.9 0.034198 0.61148 4.79 1.83 0.75279

CF 11.4 0.000322 0.97239 122 0.96348 0.58562

Consequently, CF@Ti#¥DN900 sample has an electrochemical charge trangfgistance

undeniably low (1.2%2) compared to the rest of electrodes. The formatiohiN phase highly
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improves the charge transfer processes betweenetijative electrode and the vanadium ions,
especially for CF@Ti®@N900, as well as the presence of nitrogen grotupleasurface of the
carbon felt, as supported by XPS dakg(@re S4. This makes CF@Ti9ON900 the best
performing electrode in this study, exhibiting e transfer resistance almost two orders of
magnitude lower than CF@TiB6]. It was also found that CF@N900 performed selcbest,
due to the presence of N and O-groups over theonadeous surface, with an:Rf 4.79 Q.
Moreover, G values were found to follow the same trend asRheobtaining the larger value
for CF@TiQ N900 (8.4 x 16 F) electrode due to higher amount of the actitessavailable for

the reaction, which also agrees well with the C¥lgsis.

Besides, in cyclic voltammetry, the peak curréptdepends not only on the concentration and
diffusion properties of the electroactive speclast, also on the scan rate, as described by the

Randles-Sevcik equation:

1/2

anD)

i = 0.4463nFAC( RT

Wherei, is the current maximum in Amps,is the number of electrons transferred in the xedo
event (usually 1)A is the electrode area in [émF is the Faraday constant in [C ) D is the
diffusion coefficient in [crf¥s], C is the concentration in [mol/ciip v is the scan rate in [V/sR

is the gas constant in [Jkmol™] and T is the temperature in [K]. When a linear behavsor
observed between the scan rate and the peak céorehe redox couple $/V*, the reaction is
diffusion controlled. Prior to use this equationist worth mention it is applied just as a
gualitative approximation because it applies tcersiWle reactions and planar electrodes while
the studied electrodes are porous and quasi-rél@nsactions. In order to estimate the mass

transfer the Randles-Sevcik equation is used [biig equation’s plotHigure 6¢) gives us a
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relationship where the slope is directly relatedhi® associated mass transfer, which follows the
trend: CF@TiIQ N900 > CF@N900 > CF > CF@TiON500 > CF@TIiQ. These values
evidence the higher mass transfer on the CF@MNO00 electrode towards the negative
reaction, which is directly a consequence of ada@rtive area of the vanadium ions over the
electrode and therefore being less diffusive lichitsloreover, the close value of CF@N900 to
CF@TIO, N900 also evidences a facilitated mass transfebated to larger active area on the

electrode’s surface.

The Tafel equation was applied in order to confitme catalytic properties of the different
carbon felt modified electrodeEigure 6d), which was mathematically treated and their value
disclosed inTable 3 As seen, the exchange current density followstrtied MA): CF@TIGQ
N900 (9.58 x 18) > CF@N900 (6.87 x 1§ > CF@TiQ N500 (3.51 x 10) > CF@TiQ (2.38

x 10%) > CF (6.6 x 13). This is directly related to the equilibrium e=mctye current on the
electrode towards the negative VRFB reaction. Tibeee the material prepared at the highest
temperature (908C) shows a superior electron exchange current \withetectrolyte towards the
redox reaction (V/V2"), which implies good catalytic behavior of hightjtrided electrodes.
The heterogeneous rate constant was also deternsie€bhable 3, obtaining 1.6 x1T cm s' for
CF@TIO, N90O electrode one order of magnitude larger BB@TiO, N500 electrode (5.8 x

10 cm sY). CF@TiQ N900 rate constant value is among the best vaduie literature[23].

Table 3— Exchange current densitip) values and heterogeneous kinetic rate constdaineul
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from the Tafel plot i0.05 M V** in 1 M H,SO, at 50% SoC (V'/V°*") for the electrodes

CF, CF@TIQ and CF@Ti@N500, CF@TiQ N900 and CF@N900

Electrode lo/ MA k®/cm st
CF 0.066 1.1x 10*
CF@TIO> 0.238 3.9x 10
CF@TiO, N500 0.351 5.8 x 10"
CF@TiO2 N900 0.958 1.6 x 18
CF@N900 0.687 1.1x10°

Comparatively,Figure S7 shows at -0.26/ vs. SHE, the different slopes associated to the
response time according to the proposed methodimly € a[23] to determine the kinetic
information for rough and non-planar electrode dtrites using a straightforward linear-
relationship between the 14Rnd Cdl, both parameters obtained from EIS aralffsgure 6b).
According to this model, charge transfer resistaaog double layer capacitance are related by

the following equation:

nFtdl .

1/Ry = -t
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Where the variables correspond to the exchangesrmudensityjo, the gas constarR, the
absolute temperatu® number of transferred electronsFaraday constai, relative dielectric
permeabilitye,, permittivity of free spaceo, and the thickness of the double laygr This
indicates thaR decreases inversely wi@y and that the slope of this equation yields thetkn

informationj, (which is directly proportional t&’).

Consequently, from the data shownrFigure S7, it can be observed CF@TiQI900 possesses
slightly faster kinetics than CF@N900, and sigmifity more than CF@Ti$600. Although the
slope value is also included, the values refer;e€fE and CF@Ti@electrodes have a large
error. The larger slope means a faster transitiequiency towards the vanadium negative redox
reaction, which is related to the kinetic consi@fl), as the formula shown above. Therefore, the
electrodes follow a kinetically favored trend aE@TiO,N900 > CF@N900 > CF@T#DN500

> CF@TIQ > CF. The slope obtained by Fink’'s methdéigire S7) follows a linear
relationship with the previously obtained valuekbby Tafel, evidencing the good behavior of

the method.

Since the lower contribution of the parasitic reatt must be settled in order to assess a high
Coulombic efficiency, as well as long lifespan dfetelectrodes performance, CV were
performed in absence of any vanadium ion to stiyHER on the surface of the different
studied electrodesFigure S8. The maximum current density values for the aspared
electrodes towards HER increases in the followiren(mA cnf): CF@TIG (89) < CF@TIQ
N900 (150) < CF@Ti@N500 (180) << CF@N900 (248) < CF (258). There liarge inhibition

of hydrogen evolution on the carbon felt covereditanium dioxide as rutile phase, leading to a

shift of the onset potential of HER, from -0.024-@049V vs. SHE[58]. The nitrided samples,
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CF@TIO, N500 and CF@Ti®@ N900, also inhibited the HER compared to bare aartelt,
though not as strongly as before the nitridaticeatiment, -0.15 and -0.30 vs. SHE onset
potential for annealing at 500 and 9C0respectively. The inhibition of HER in this casas

not as noticeable as in the case of pure titaniioxide, due to the presence of fewer oxygen C-
O centers, as demonstrated by XPS for,Tadd CF@TIQ N500 [29]. Moreover, CF@Ti©
N900 exhibited a more negative onset potential @eghto CF@TIQ N500 as the activation
energy towards HER is comparatively larger. Lagtrmt less important, CF@N900 increases
the kinetics towards HER, in spite the fact thastpones the onset potential compared to CF.
This result showed that the presence of ;Tddes not inhibit K formation and therefore,

CF@N900 was not studied into a single cell.
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3.4.SINGLE CELL PERFORMANCE

In order to assess the performance of the mod#ledtrodes in a single cell, the carbon felt
electrode incorporated with the nitrided titaniunoxide catalyst is used as the negative
electrode in an all-vanadium redox flow cell, whitg all the experiments treated carbon felt
(CF-HT) was used as positive electrode. Severékygeles at different current densities from 25
to 150mA cn¥ (Figure S9 were conducted in order to observe the effethefcurrent density
on the cell capacity. Our carbon felt capacity drdpamatically from 12.8h L* at 25mA cn?
current density to 3.8h L at 100mA cn¥. However, it partially recovers its capacity wheis
returned to the initial current density applied.@8h L. On the contrary, the nitrided TiO
electrode retains the majority of their charge citpdrom 13.1 and 13.6h L* at 25mA cn¥ to
9.8 and 10.1Ah L' at 150mA cn?. This outstanding performance is a consequenciheof
synergetic catalytic effect of the oxygen and mj&o sites on the carbon nitrided CF@7 @wer

the adsorption, redox reaction and later desorpiforf/V>* redox pair [34]59].

Furthermore, the sample treated at ®0displays low voltage losses over the charge and
discharge compared to the CF. However, this valae still higher than the cell with the nitrided
electrode prepared at 90C. One of the main reasons for this result is thes@nce of TiN,
coupled with the nitrogen and oxygen group formmaten the carbon felt, which allows a
reduced charge transfer resistance. As a conseguédrthis, during the charge-discharge at 150
mA cn, the ohmic drop decreases, from CF@JINB00 to CF@TiQ@ N900 by 104nV and 56
mV for charge and discharge respectivahjgire S10. As all components remained constant
between tests, any differences on the system aeaalthe negative electrode. Therefore, the
surface properties of the electrodes have a dritfluence not only over the redox reaction

kinetics, as previously shown, but also its ohresistance.
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Figure 7—a) CE and VEb) EE dependency with the applied current densignffd2.5 to
150mA cnt) of CF CF@Ti0O; N500 and CF@Ti@N900 as electrodes, for 1M of initial
vanadium ions and 3 M 430, as electrolyte.Single cell long-term cycling of the
CF@TIO, N500 and N90O electrodes for 1M vanadium ions &nd#1 H,SO,. c)
Coulombic Efficiency (CE) and Voltage Efficiency EY ; d) Energy Efficiency (EE)e)

Power density plot vs. current density for the etmtes CF, CF@Ti©@N500 and CF@TIi®
N900.
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Subsequentlyf-igure 7a and bpresents the Coulombic, Voltage and Energy effyefior the
electrodes CF, CF@TON5S500 and CF@Ti® N900 respectively, as we cycle with current
densities from 25 to 15MA cnf. The sample annealed at 90Gshows smaller losses as the
current density is increased, and therefore a higficiency. A maximum energy efficiency of
86.5% is seen at the lowest current density (25am®), dropping to 71% at 15MmA cn?. We
attribute the lower values compared to the stath@fart in the literature[30] to the difference in
cell set-up design and conditions. Nevertheless, gtear that the coating of nitride Ti©On the
surface of the graphite felts has a drastic impmox@ on performance of the cell compared to
bare CF, under the same experimental conditiomsil&8ly, the decrease in energy efficiency for
CF@TIO, N500 is markedly less than for the CF, where thieiency decays abruptly when the
current density applied increases. Especially up0@mA cn¥, where the value collapses due to
large overpotential, as seenRigure S11d The voltage efficiency, which is the ratio of ofa
and discharge voltage, follows the same trend a<trergy efficiency, a consequence of being
the limiting factor of the battery performance. T@eulombic efficiency shows similar values
for all samplesKigure S11), of above 95% for all current densities, exceptthe bare CF, due
to an enormous overpotential at current densitiese 100 mA ¢ that causes a Coulombic
efficiency drop approximately 20%. As HER incregadbe overpotential also increasegy(ire
S11d) causing critical imbalances between charge asdhdrge process. This provokes the
system to fail when bare CF is used as negativetretée. Moreoverfigure S11shows the
voltage profiles between 0.8 and V8or carbon felt, CF@Ti@nitrided at 500C and 900°C,
applying increasing current densities. It is obgithat the bare CF exhibited a larger ohmic drop

than the nitrided electrodes, especially when coegpato CF@TIQ N900, exhibiting
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remarkably low polarization at high currents deasitThere is a clear logarithmic tendency of

the overpotential with increasing the current dgn@iigure S119.

Thus, the nitrided catalysts annealed at 500 af@d®6xhibited a stable cycling performance
above 100 cycles at different current densitief wibre than 50 cycles at high-current (1568
cm?). Nitrided CF@TiQ displays an initial Energy efficiency of 88.9% a8ifl2%, for 900 and
500°C annealing temperature, respectively. Afte® tcles, which is the largest stability
reported up to date for these materials, correspgno 2-3 weeks of cycling, the enhancement
of CF@TiIQ N900 achieved a stable cycling energy efficienéy7d.2% at 150mA cni
compared to 63.9% energy efficiency for CF@AN®b00. Therefore, we have demonstrated that
there is a significant enhancement in the electrpedormance, especially at high current
densities, due to the significantly reduced pokdron by increased redox active sites towards
vanadium ions for the fast charge and mass transtlich is consistent with all the
electrochemical data previously shown. Followinglityg at increased current densities, the
system was returned to a charge-discharge rat& of/ cn, in order to evaluate the catalyst
stability (Figure 7c and 9. Remarkably, the initial energy efficiency wasoeered after
cycling at high current densities, indicating aecélochemical and chemical robustness of
nitrided CF@TIiQ catalyst in concentrated acidic and high curremmddions. Moreover,
Coulombic efficiency and voltage efficiency valuegre the highest for CF@TiON900
samples. Nitrided CF@TiOcatalyst was shown to exceptionally enhance tketreichemical
performance of the VRFB system. In fact, CF@JX®00 induces a fast charge transfer and
vanadium ion adsorption, resulting in a high ragpability at 150mA cn? and excellent

capacity retention. This outstanding performancea isonsequence of the synergetic catalytic
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effect of the oxygen and nitrogen sites on thadett carbon felt and Tiover the adsorption,

redox reaction and later desorption 6fAV3* redox pair [34]59].

In fact, the observed improved performance in tleeteode’s mass and charge transfer, low
ohmic resistance, as well as, limiting current dgrenables CF@Ti©®IN900 material to reach a
superior power density, which is coherent withelectrode reaching a superior current values in
the CV, previously shown ifigure 6a The value of power density obtained, #aW crif, is

two and a half times higher than when annealed&t®Gand three times more than carbon felt
electrode. The shape of the polarization cunkegufe 7€ shows that the maximum current
density supply by the device is increased by twiect$: i) a low ohmic drop as the current
density is increased and ii) faster vanadium massster, allowing larger amounts of vanadium
to be polarized over the electrode surface as tiveepdensity increases. The voltage decay is
much smoother in the case of CF@7TiR00 electrode. It reaches a greater maximum power
while the other samples show abrupt voltage decaly sagnificantly lower maximum power
density. Therefore, the modified carbon felts (CR@T N900) have enhanced the
electrochemical performance of the negative eldetia all-vanadium redox flow batteries and,

more importantly, the power density, which is ugugdsufficient in flow batteries technology.

3.5.MECHANISM PROPOSED

Based on previous research[60] and implementingptkeented results, the mechanism
proposed for the electrodes used is showRigure 8a and h Firstly on bare CF, ¥
ions are adsorbed over the oxygen groups, -OH a@ 6n the carbon felt surface,

generating O-V bonds, which breaks a O-H bond endhse where it is adsorbed on the
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hydroxyl group and releases a proton to the solut@nsequently, an electron is donated
to the V?* reducing it to V" and breaking the previously formed bond (O-V) #aking
the proton again from the solution to re-form tlyeroxyl groups. In this case, this redox
reaction competes with the hydrogen evolution ieads the protons are easily adsorbed
to the C surface to form an H-H bond and subse@uelgsorbed as i The former
reaction is kinetically more favourable, causingectiolyte imbalance and low
performance. The inhibition of the HER is therefae important factor in catalyst

performance, as well as the enhancement of tH&/¥ redox reaction.

d
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é HO + @
o
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N
é HO + @
H-N
NH

38



b)

CF@TiO,

Figure 8. — a) Mechanism interpretation, based on published rg8€d}, for the negative
reaction of VRFBs using CF and CF@N900 electrotdgdMechanism interpretation,
based on published results[60], for the negatiaetien of VRFBs using CF@TiDand
nitrided CF@TIiQ as electrodes
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In the case of CF@N900,%*Vions are adsorbed over the oxygen (-OH and C-@) an
nitrogen (pyridinic, pyrrolic and graphitic-N) grpsi on the carbon felt surface,
generating O-V and N-V bonds, which breaks a O-H{,NN-H bond in the case where
it is adsorbed on the hydroxyl, pyrrolic or graphgroup, respectively, releasing a proton
to the solution. Consequently, an electron is dethao the V' reducing it to V" and
breaking the previously formed bond and takinggh®on again from the solution. This
redox reaction also competes with the hydrogenutivol reaction for the same reasons

as with the[61].

Thirdly, after the TiQ is deposited there are two conditions that fatbar\?* reduction:

i) Increase of —OH groups and less importantly +Qugs, as XPS data shows, due to the
presence of titanium dioxide itself that promote ttumber of active sites per area for the
reaction to happen, enhancing the electron chamayesfer at the electrode/vanadium
interface. ii) Highly stable proton absorption oWee Ti-O bond inhibiting the HER side
reaction. However, large electrode polarizatiodaminant at high rate capability leading

to a limited specific capacity and a modest eldyteeutilization ratio (SoC).

Consequently, the partially reduced sample (CF@TN600) favours the ¥/V?* due to
a reduced charge transfer resistance as an indreaseber of oxygen active sites (-OH
and -0O), especially hydroxyl groups, are presenthensurfaceKigure 4), and therefore,

more vanadium ions are capable of react simultasigou

Finally, for the sample where TiN is partially foech (CF@TiQ N900) there are two

conditions that favour the ¥ reduction[62]: i) Increase of —N groups on thebaar felt
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and over the Ti@ surface forming TiN, due to the nitride procesattpromotes the

number of active sites, enhancing the electron gehatransfer at the interface
electrode/vanadium. ii) Increase of oxygen gro@specially hydroxyl electroactive sites
(-OH) over the electrode surface, for which electoharge transfer is facilitated by the

nitrogen groups, most favoured by pyrrolic-N[63,64]

4. CONCLUSIONS

We have demonstrated that a novel negative elextrodterial, CF@Ti@ N900, exhibited
significantly enhanced performance for VRFB appiass, with power density values of up to
700mW crif based on nitrided Ti$decorated carbon felt. Samples were prepareddiyple
and scalable two-step approach based on a firstothwmal step for Ti@ carbon felt
decoration, followed by a high temperature nitrgdstep of 4 hours at 900 (after 4 hours at

500°C under oxygen).

Furthermore, the reaction kinetics and reversjpitif the negative electrode,®*W?* redox
couple, showed an outstanding improvement whennitr@lation treatment is conducted at
900°C, CF@TiQ N900. the electrode CF@TiON900 showed an improvement of more than
310% in its associated kinetic constant ragec&mpared to carbon felt decorated with Fiénd

an increase of 176% in relation to the Ti@ecorated carbon felt nitrided at 500°C. The ahurti
transformation of Ti@to TiN takes place at the same time than thedaition of the carbon felt
itself occurs. From the potential catalytic prom=tof the three types of nitrogen groups
(quaternary, pyrrolic and pyridinic), graphitic-N quaternary-N is considered to be the more

stable in the acidic environment. However, it i8 thyrrolic-N group that is responsible for the
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enhancement of the catalytic activity. These effemte coupled to the presence of oxygen
groups, especially hydroxyl active sites. The ipooation of O and N-containing groups has
been determined to be a key step due to substampabvement of the electrochemical activity
(i.e., higher current density, low oxidation-redant differential of potential and higher

reversibility).

Additionally, it enhances catalytic activity at tharface which makes both, the electrochemical
V2* oxidation and V" reduction reactions more favorable and faster h@se electrodes for
which apparent kinetic constant rates as high aschd ' have been observed. These kinetic
characteristics have also been corroborated byznglthe electrochemical impedance spectra
from where the deduced charge transfer resistamtgey decrease almost two orders of
magnitude between the reference CF@Ta@d the sample treated at H) corroborating the
suitability of these electrodes for working stallyhigh density currents. These effects on the
electrode behavior have also been shown with ectexfuof the overpotential when large current
densities are applied according to the Tafel pldtkewise, this enhancement of the
heterogeneous electron transfer kinetics, f57W?*, has a significant impact on the current lost
due to the parasitic HER, greatly decreasing it eodtributing to an increase of the faradic

efficiency.

Finally, the tested cell exhibits high coulombigltage, and energy efficiencies at different
charge-discharge current densities, achieving rtie 70% energy efficiency at 150mA €ém
Consequently, the reported procedure gives rigdetirodes with a large active surface area due
to abundant oxygen functional groups and N-modifiadace for vanadium active sites, which
also reduces the charge transfer resistance. Cenhpdth the electrode surface in absence of

nitrogen, or a low concentration of it, the treatddctrodes exhibit excellent catalytic activity
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towards vanadium redox reactions also due to tharered rate of electron transfer through the
nitrogen groups producing fast kinetics for vanadion transfer. Moreover, the battery with the
proposed electrode has demonstrated an excelbhilitytand high capacity retention during the
cycling test. Herein, the proposed energy storageem is capable of an improvement,

supplying around 250% higher power compared totnested CF.

In summary, this work shows for the development stody of the electrocatalytic properties of
highly active and stable nitrogen-modified carb@sdd materials for VRFB applications,
showing a synergetic effect of O- and N- functiogadups at the surface of the carbon felt and

the presence of TiKJ TiN. .
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ASSOCIATED CONTENT

Figure S1. SEM image of carbon felt used as electrode, whahbeen treated.
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Figure S2. TGA done for different modified carbon felt elecdes, CF, CF@Ti@ CF@TIQ
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Table S1. —. Electrochemical performance for single celinparative using different treated
electrodes based on physical and chemical modditaion carbonaceous structures.

N-doped 80
vaoped  p5x25 2 150 980 700 686 373 gy oo [65]
15
CNFICNT  25x25 2 100 977 675 660 299 i o [66]
Bi 5x5 2 150 972 803 781 638 2 67]
' ' ' ' (50mA/cnf)
Mn ;O / 2 40 854 902  77.0 / Al [15]
-4 ' ' ' (40mA/cnf)
WO 3x3 15 60 951 818 781 622 2 [18]
. ' ' ' ' ' (30mA/cnf)
PbO 3x4 05 80 997 783 781 821 e [16]
2 ' ' ' ' ' (50mA/cnf)
50
ND,OsW) 25x25 2 150 983 743 728 541 (g°no [68)
10 5x5 2 200 937 719 674  56.0 200 69]
2 ' ' ' ' (100mA/cnf)
GEF@TiOpH  2x2 2 200 958 637 610 816 100 1og)
2 : : : 6 (150mA/end)
Mn O, 500 (100
e B 1 400 97 73 71 94 ety [70
GF-Ta,0sNPs 5x5 1.6 80 95 78 74 58 100 [71]
. 65 (80
GF-TiC 5x4 16 100 y 62 61 <29 ey 72
N- and —-WO,
pand W 1s5x15 18 200 96 68 67 51 y (73]
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. 200 (120
TiNb,O-rGO  5x5 1.6 160 97 74 72 70 mAJc?) [74]
50 (50
- *
CF-SnO, NPs 5x5 1.5 150 97 80 78 117 mA/crr12) [75]
: This
GF@TiO,;N 2X2 1 150 97.6 72.3 72.4 74.6 70 B
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