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Abstract
Redox flow batteries represent a remarkable alternative for grid-scale energy storage. They
commonly employ carbon felts or carbon papers, which suffer from low activity towards the redox
reactions involved, leading to poor performance. Here we propose the use of electrospun freestanding
carbon materials derived from lignin as alternative sustainable electrodes for all-vanadium flow

batteries. The lignin-derived carbon electrospun mats exhibited a higher activity towards the
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VO2*/VO?* reaction than commercial carbon papers when tested in a three-electrode electrochemical
cell (or half-cell), which we attribute to the higher surface area and higher amount of oxygen
functional groups at the surface. The electrospun carbon electrodes also showed performance
comparable to commercial carbon papers, when tested in a full cell configuration. The modification
of the surface chemistry with the addition of phosphorous produced different effect in both samples,
which needs further investigation. This work demonstrates for the first time the application of
sustainably produced electrospun lignin-derived carbon electrodes in a redox flow cell, with
comparable performance to commercial materials and establishes the great potential of biomass-

derived carbons in energy devices.

1. Introduction

It is now a widely accepted scientific fact that anthropogenic climate change will cause catastrophic
damage in the very near future, as CO> concentrations have increased by 40% since pre-industrial
times. In addition, the most recent Intergovernmental Panel on Climate Change (IPCC) report
established that global temperatures are rising and the number of unusual climate phenomena
observed since the 1950s are unprecedented[1]. This stems primarily from fossil fuel emissions. It is
thus clear that a move away from dependence on fossil fuels is critical. However, electricity from
sustainable energy sources is generated sporadically, unevenly and in a decentralized fashion.
Existing electrical grids were never designed with this type of energy production in mind[2]. Where
conventional power plants produce stable amounts of power over an extended period, in the case of
solar and wind power, energy demand often diverges from energy production[3]. To enable the
continuous supply of electricity, we must redesign the grid by combining inconsecutive renewable

power sources and large-scale energy storage systems.

Redox flow batteries (RFBs) have, thus far, showed great potential for large-scale stationary storage

technology[3][4]. RFBs convert chemical energy into electrical energy directly, they are readily



scalable and versatile, and hold an advantage over conventional batteries as they allow for
independent scaling of power and capacity. Additionally, as they do not employ the intercalation
reactions of Li-ion batteries, there is no morphological change to the electrode on charge/discharge
and therefore do not suffer from the same capacity fade mechanisms, providing them with potentially
longer lifetimes. Amongst RFBs, the all-vanadium redox flow battery (VRFB) has been the most
successful and implemented on a commercial scale by a variety of companies[5][6] due to multiple
key characteristics (e.g. safety, large power output and storage capacity, rapid response, elongated
cycle life, high efficiency, minimal cross-contamination and environmental compatibility[7][8]).
VRFBs utilize vanadium ions with different oxidation states as active species in two half-cell
electrolyte reservoirs to store electrical energy. The power of the system is determined by the rate of
the reaction of the redox species at each electrode, which is the crucial component of the battery, as
it provides the reaction sites for the relevant redox couples. Therefore, an important aim of the
optimization and development of novel electrodes is to enhance the electrocatalytic activity towards
vanadium V3*/V#* and VO,*/VO?" reactions, since this can hugely improve the efficiency and reduce

the cost of the system[9][10].

The efficiency of the electrode will affect the cell performance as it has an influence on cell voltage
losses associated with activation overpotential, concentration overpotential and ohmic losses[11].
RFB electrodes act as the reaction sites for the redox reactions taking place in the electrolyte, as well
as the porous media through which it flows, and therefore their microstructural and electronic
properties have a strong influence on polarization losses in the cell[10]. Minimization of polarization
in the electrode should be sought after in order to achieve maximum battery efficiency. Therefore, an
ideal electrode material must enable fast kinetics for the redox couple while inhibiting undesirable
side reactions such as the hydrogen evolution reaction (HER). Additionally, high surface area,
porosity and permeability, mechanical and chemical durability and high electrical conductivity are
properties that an efficient electrode should possess. Thus far, carbon materials such as graphite felts

and papers have been mainly used as electrode materials in VRFBs due to their high electrical



conductivity, good stability, corrosion resistance and their wide range for operating potentials[12].
These materials, however, are usually derived from polyacrylonitrile (PAN) and processed at high
temperatures. Furthermore, these electrodes normally present poor electrochemical activity and
wettability,[13] while high cost is also a large-scale limitation[14]. Thus, the need for cost effective
and mass-produced electrodes with tuneable properties has encouraged research on biomass-derived
materials for VRFBs[7][15]. Renewable precursors for electrodes are of high interest as they are
abundant and cheap, as well as providing multiple chemical functionalities of great interest for the
design of functional carbon nanomaterials[16][17]. Lignin as a biomaterial presents itself as an
appealing precursor for fibrous electrodes as it is a cheap, plentiful waste product of the paper industry

and contains an abundance of the desired functional groups[18][19][20].

Here we propose and test an electrode for all-vanadium redox flow batteries derived from lignin. We
propose the up-cycle of lignin into high surface area cheap battery electrodes through electrospinning,
which is an efficient and tunable process with a record of successful implementation in producing
nanofibers, and recently for application in RFBs[21][22][23]. For the sake of comparison, a

commercially available fibrous carbon analogue has been also tested.

2. Experimental Section

2.1 Lignin isolation and electrospinning

Softwood kraft lignin was obtained from a LignoBoost process (Backhammer, Sweden). A sequential
solvent extraction was used to produce the suitable lignin fraction for electrospinning of lignin. The
solvent extraction method was a simplified version of the method described elsewhere[24][25]. In
brief, the dry lignin was first extracted with methanol, by rapidly stirring in 10 L methanol at room
temperature for 2 h. The sample was filtrated and the solid recovered on the filter was then extracted
using a 70/30 v/v mixture of methanol and methylene chloride (1:10 solid to liquid ratio, room

temperature, 4 h). The extract solution was then filtered, and lignin from the filtrate was isolated using



a rotary evaporator. The isolated lignin was dried in a vacuum oven at 80°C for 12 h and then was

used for electrospinning. The final yield for this fraction was 42.5%.

Electrospinning solution was prepared by dissolving the lignin in DMF at concentration of 47 wt%.
The dope solution was placed in a 5 mL BD plastic syringe and was fed to a 22G flat-tipped syringe
needle (Hamilton) using a Kd Scientific pump at a rate of 0.5 mL/h. A grounded cylinder (10 cm in
diameter, 18 cm in width) covered by aluminum foil and rotating at 60 rpm was used as the collector.
The distance between the needle tip and the collector was 17 cm. A Glassman high voltage power
supply was used to generate an electrical field of 17 kV between the needle and collector. The
submicron fibers, as nonwoven mat, were collected on the surface of aluminum foil at room

temperature.

The as-spun lignin fiber mats were converted to carbon fiber mats by a two-step thermal treatment.
In the first step, lignin fibers were oxidatively thermostabilized by heating the samples to 250°C at a
rate of 0.5°C/min and then holding for 30 min at 250°C in a MTI Box Furnace (KSL-1200X), under

an air flow of 10L/min.
2.2 Preparation of electrodes

The previously thermostabilized lignin fiber mats were cut into strips and carbonized between two
pieces of Alfa Aesar® carbon felt (3.18 mm thick, 99.0 %, 2.4 g/10x10 cm) in a MTI 1200x tubular

furnace at 800 °C during 2h, using a heating rate of 3°C/min and a nitrogen flow rate of 0.5 L/min.

Commercial Sigracet® GDL 29AA non-woven carbon fiber fabric sheet (SGL group, thickness: 180
um £30) was used as-received, without any additional treatment, as a reference material for the sake
of comparison. P-doped materials were prepared following a previously reported protocol[26].
Briefly, 2.5x2.5 cm? samples of either our electrospun mats (CNF) or the Sigracet® carbon fiber
sheets (GDL29AA) were degassed in vacuum and a 2M solution of Ammonium hexafluorophosphate
(NH4PFe, 99.98 % Sigma Aldrich) was slowly introduced until the material had been completely

covered by the liquid. Vacuum was maintained for 5 min to ensure the complete infiltration of the



NH4PFg solution into the pores of materials. After this time, samples were taken from the solution
allowing the excess of liquid to drip onto a filter paper. Samples were carefully dried in a vacuum

oven at 100 °C overnight and then annealed for 2 h at 500 °C using a heating rate of 3 °C/min.
2.3 Electrochemical measurements

Electrochemical measurements were done with a VSP Bio-Logic potentiostat/galvanostat. Cyclic
voltammetry (CV) was performed at 10 mVs™ between -0.3V and 1.2 V in a three-electrode cell
configuration and using a 0.05M V3*\VO? commercial electrolyte solution (originally supplied in a
1.6 M V3'\VO? concentration in 3M H2SO4 and 0.5 M HsPO4 by Oxkem, UK). In this setup, a KCI
saturated calomel Hg>Cl; electrode (SCE) and a Pt coil were used as reference and counter electrodes,
respectively. Working electrodes (pristine or P-doped electrospun mats or Sigracet® carbon fiber
sheets) were punched with a diameter of 1cm and exposed to the electrolyte solution by inserting the
thin samples (150-250 um) between two PTFE holders; the front one having a 0.9 cm circular
opening provided with an inner 1 cm& Pt ring (current collector) and a solid back one as support.
Before assembling the cell, the electrodes were wetted by adding a few drops of electrolyte on the

electrode and pressing it.

Our VRFB cell (GGM Engineering, UK) consists of two metallic current collectors, two graphite
flow plates and two 2.18mm thick PTFE frames with a 2.25x2.25 cm central opening where the thin
(200-250 um thick, size fitted to the frame opening 2.25x2.25 cm) CNF or GDL 29AA electrodes
are placed on top of a 3.18mm thick Alfa Aesar® carbon felt (2.25x2.25 cm piece) that was thermally
annealed at 1000 °C for 2 h prior usage. The samples, mounted in the PTFE frames, are then separated
by a Nafion® membrane (115, 0.005 in. thick, DuPont de Nemours & Co) with the materials to be
tested placed next to the membrane. 20 ml of the V3*VO?" 1.6M commercial electrolyte solution
(Oxkem) was used on each side of the battery and recirculated at 30 mL min using a two-channel
peristaltic pump (323 Watson-Marlow). The battery was then pre-charged at 200 mA until reaching

a voltage of 1.7V and subsequently maintained at this voltage until the current density had dropped



below 4 mA cm(100% SOC). At this stage, Vanadium species have been totally converted to VO,2*
(yellow) in the cathode and to V?* in the anode (violet). To determine cell power performance,
Galvanostatic polarization curves between 20 and 900 mA were recorded by screening the voltage
drop observed in the battery when subjected to a steady current density for 30 s. Between each current
density holding step, the battery was recharged at 10 mA cm™ to assure a starting point of 100% SOC
for each point on the polarization curve. Immediately after, cell cycling was performed at a constant
current density of 40 mA cm for 15 charge-discharge cycles between 0.7 and 1.7 V as potential
limitations for discharge and charge steps, respectively. Electrochemical impedance spectroscopy
(EIS) was performed before and after both polarisation and cycling experiments between 500kHz and
10mHz with a signal amplitude of 5mV to ensure the cell resistance remained unaltered after each

sweep.
2.4 Characterization

Samples were analysed by nitrogen and CO> sorption measurements in liquid nitrogen (77K) and in
an ice bath using Autosorb iQ (Quantachrome) to determine the pore structure and the Brunauer
Emmett Teller (BET) surface area. The pore size distribution (PSD) is calculated from the adsorption

isotherm using a quenched-solid model QSDFT assuming slit and cylindrical pore geometries.

The morphological analysis of samples was done through Scanning Electron Microscopy on a FEI
Inspect F instrument. X-ray photoelectron spectroscopy data were recorded using a ThermoFisher
Nexsa X-ray spectrometer equipped with an Al Ka monochromated X-ray source. Survey scans were
acquired using 200 eV pass energy, 1 eV step size and 200 ms (10 ms x 20 scans) dwell times. C1s and
O1s spectra were acquired using 50 eV pass energy, 0.1 eV step size and 1 s (100 ms x 10 scans) dwell
times. P 2p spectra were acquired using 50 eV pass energy, 0.1 eV step size and 3 s (100 ms x 30 scans)
dwell times. Pressure during measurement acquisition was <1 x 10~ mbar. Atomic compositions were

calculated from averaged spectra obtained from 3 areas per sample.

Raman spectroscopy measurements were done with a Renishaw Ramanscope using a laser line of 633



nm. Spectra were recorded in three different spots per sample, using 50% of the laser power and
taking three-30 s acquisitions. Deconvolution of peaks was done using the Renishaw's WIRE

software.

Electrical conductivity of materials was measured at 30% of compression and perpendicular to the
plane of the mats, to mimic the state at which electrodes perform in the RFB cell. Two point-probe
resistance was recorded by placing the 5.06 cm? Sigracet/CNF layer (200-250 um thick) on top of the
Alfa Aesar® carbon felt (3.18 mm thick) and then both layers within the PTFE frame (2.18 mm).
Two gold-coated plates were placed by each side of the frame and tightly compressed. Conductivity
of materials was calculated from the measured resistance across the gold-coated plates, and

considering an area of 5.06 cm?and a thickness of 0.218 cm.

Imaging of the GDL 29AA material was conducted using a Zeiss Xradia Versa 520 micro-CT
instrument (Carl Zeiss XRM, Pleasanton, CA), operating with a source voltage of 40 kV. 1601
projections of 5 s exposure each were recorded through an angular sample rotation of 360°.
Reconstruction of the X-ray transmission images was conducted using a filtered back-projection
reconstruction algorithm (XM Reconstructor, Zeiss). Use of a 20x objective lens and pixel binning

of 1 yielded a voxel size of 0.37 um in the reconstructed 3D data.

Due to the small fibers in the CNF material, nano-CT was required to give sufficient resolution to
resolve the fiber detail, as described previously [22]. Additionally, to get a more detailed view of the
structure of the carbon particles in the void of the GDL, it was also scanned at higher resolution in
the nano-CT. A lab-based nano-CT instrument (Zeiss Xradia Ultra 810, Carl Zeiss Inc., Pleasanton,
CA) was used to acquire the X-ray images, containing a Cr anode source with an accelerating voltage
of 35 kV, producing a quasi-monochromatic beam at the Cr-Ka emission line of 5.4 eV. A Fresnel
zone plate was employed as the objective element to produce a magnified image on a 10242 pixel
CCD detector and images were acquired in large field-of-view mode with no binning, resulting in a

pixel size of ca. 63 nm and a field-of-view of ca. 65 um. The sample was rotated through 180° and



radiographs collected at discrete angular intervals, the parameters can be found in [21]. The
radiographs were then reconstructed with proprietary software (XMReconstructor, Carl Zeiss Inc.)
using a parallel beam reconstruction algorithm. Each electrode was scanned in Zernike phase contrast
mode where an Au phase ring is inserted in the back focal plane of the objective and shifts the un-
diffracted component of the beam, resulting in negative Zernike phase contrast (more details in [27].
The CNF sample was also scanned in absorption contrast mode and combined with the phase contrast
image using Dual Scan Contrast Visualizer software (Zeiss) with a 50/50 contribution from each
image using a method described by Taiwo et al. [28]. The segmented data sets were used to calculate
the void volume fraction and tortuosity of the material using a random walk simulation, as well as the
fiber and pore diameter, using the local thickness method described in [21]. Due to the delamination
experienced in the CNF sample, a sub volume was used for these calculations, which can be seen in

Figure S1d.

3. Results and Discussion

3.1 Characterization

As summarized in Figure 1a, the aim of this work is to compare a lignin-derived electrospun carbon
nanofiber mat (CNF) with a commercially available carbon paper (GDL29AA, Sigracet®) as fibrous
electrodes for a VRFB. When comparing both samples in their pristine form, we can observe that
fibers of GDL29AA are clearly much thicker (ca. 10um) than those of CNF (0.9-1um) and therefore
the bulk CNF material exhibits a denser structure, with smaller void spaces between fibers (Figures
1b and 1c) from SEM. The BET surface area for CNF is ~14 times that of GDL29AA (742 vs. 41 m?
g, see Tables S1 and S2 in Sl), despite of the flaky features that can be found within the interstices
of the latter (Figure 1b), which reveals that the electrospinning of lignin leads to meso / microporous

freestanding mats.

Since lignin is an oxygen rich precursor, it is not surprising that the X-ray photoelectron spectroscopy



(XPS) results reveal a much higher content of oxygen-containing groups for the CNF material (9.21
vs. 1.9 at.%) (Figure 1d). The deconvolution of the O1s line for CNF shows that C-O and C=0
functional groups predominate over -COOH groups and that the highest content corresponds to C-O
functionalities. For the commercial material, no assignment could be made to -COOH groups and,

similarly to the CNF electrospun material, C—O bonds predominate largely over C=0.

Raman spectra (Figure 1e), reveal typical carbon D- and G-bands located at 13451350 cm™ and
1579 cm™?, respectively, which are associated to the degree of disorder within sp? hybridized carbon
structures (D-band), and the tangential mode of the sp? carbon hexagonal lattice (G-band). When
comparing the intensity ratio of the D and G bands (Ip/ls), a higher proportion of defects (or sp® C
content) is observed for the electrospun CNF carbon nanofibers, well in agreement with the higher
amount of oxygen moieties observed through XPS. Additionally, both G and D peaks are less resolved
for the CNF fibers, suggesting a lower level of graphitization. As previously reported, [29] the
aromatic units in lignin are randomly distributed along the chains and separated by aliphatic
connectors, and this characteristic has been pointed out to contribute to low graphitization degrees
even after high temperature annealing. Functionalization of carbons with oxygen-containing groups
has been widely studied as an effective alternative to enhance the number of active redox sites
[30][9][31][32]. This is usually manifested in higher energy efficiencies and lower activation
overpotentials in VRFB due to an improvement both in the wettability and the kinetic response of the

electrodes.

X-ray computed tomography (CT) was carried out to assess the morphology of the pristine samples
and enable calculation of the void space fraction, tortuosity and void and fiber diameter in 3D (Figure
2). Due to the difference in scale of fiber size between the GDL 29AA and CNF samples, micro-CT
was used for the former and nano-CT for the latter, both to resolve the features fully and to give the
most representative volumes possible for both samples [22]. For the CNF sample, some elongated
spherical nodules can be seen on some of the fibers, as well as a very large sphere towards the top

surface of the mat that has caused some delamination in the material in this region. For this reason, a



sub-volume of the full scan was created for more representative analysis (Figure S1d) of the fiber and

void phases.
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and CNF (red, top).



The fiber diameter can be seen in the histograms in Figure S2 (top). Two distinct regions can be seen,
the smaller diameters representing the majority of the fibers that have a diameter of ~ 750-1000 nm,
and a minority of fibers that contain some much larger elongated spheroid features. These features
are commonly seen in samples prepared via electrospinning, and are attributed to occasional
instabilities of the Taylor cone during the electrospinning process. The volume specific surface area
of the whole electrospun scan volume is 2.8 um™, and for the sub volume, 4.0 um? (where the
influence of the large sphere is not present). The void fraction of the sub volume is 93.3 % and mean
void diameter is 5.27 um, around five times that of the fiber diameter. The fiber and void diameter
were calculated using a local thickness method described elsewhere [21]. The in-plane tortuosity was
found to be 1.037 and the through plane 1.048. These very low values are consistent with the expected

values for highly porous fibrous media.

Micro-CT of GDL29AA shows a fiber diameter of around 7 um and reveals large voids that are
partially filled with flake-like carbon particles (seen in more detail in the nano-CT scan, Figure 2b
inset). Analysis of the CT data showed the mean pore diameter to be 75 pum (Figure S3). The volume
specific surface area is significantly smaller for the GDL (0.79 um™) than the CNFs, despite the
presence of the flakes, as would be expected from the larger features in comparison with the small
fibers in the electrospun material (with the caveat that scanning at lower resolution will always
produce a lower surface area due to fractal effects in the detail observed). More details on the XCT

study of the GDL29AA are shown in Figure S4.
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Figure 2. X-ray nano-CT of the CNF electrode (a) and micro-CT of the GDL29AA (b), including a
nano-CT view of a single fiber showing the flake-like structure of the material between the fibers (b,

inset).

With the aim of further enhancing the electrocatalytic activity of the studied electrodes towards both
redox reactions of vanadium (V3*/V2* and VO./VO?*), phosphate functional groups were introduced
through the thermal decomposition of NH4PFs [26]. As previously reported, this treatment leads to

oxygen-enriched surfaces, as every phosphate group contributes with three new oxygen centers.

After phosphorous doping, the microstructure of samples remained unaltered (Figure S5) while the
BET surface area and chemistry changed drastically. The BET surface area of the CNF electrode
suffered the highest decrease, with a value of 27 m? g for the P-doped material (Table S1). We
attribute this observation to micro and mesopore blockage upon doping, which was only observed for
our CNF sample, as the commercial GDL29AA has no initial microporosity. BET reduction is
discernible only with the N2 sorption isotherm but not with CO>. Since CO- has a higher electric
quadrupole moment than Na, it is expected to interact more strongly with polar surface groups that
would arise after doping, such as -POs or C=0. Hence, the CO> sorption shown in Table S2 shows

the opposite trend.



With regard to the chemistry, as observed in Figure 3, XPS profiles of both P-doped samples show
the presence of the P2p peak, between 144 and 126 eV. This band was deconvoluted into the 2ps..
and 2pu/2 spin-orbit components displaying a 1:2 intensity ratio. As shown in both spectra, our best fit
accounted for two P environments, P-O and P-C, in good correlation with the C-O content observed
in the XPS O1s and C1s spectra of the P-doped samples (Figures S6, S7 and S8). Since the mechanism
of phosphate doping has been proposed to occur via condensation of the carbons” surface —OH groups
and the phosphate ions, it is not surprising that the P-doped CNF sample shows a much higher overall
P content (2.8 vs. 0.18 at.%), in agreement with its higher amount of initial oxygen functionalities

(9.2 vs. 1.9 at%).

P-doping with NH4PFe was expected to increase also the amount of Nitrogen in the doped samples,
as corroborated in Figure 3c and 3d. When comparing the trends, as in the case of phosphorus, the
incorporation of Nitrogen in our electrospun material resulted in more prominent N peaks in the high
resolution XPS and, importantly, we observed the appearance of a slight shoulder at higher binding
energies for the electrospun material which was not present in the GDL29AA samples. This band
could be assigned to polar N-H functionalities, which, in accordance to the presence of -COOH
groups only in the CNF sample, could have formed from the decomposition of NH4" and the

subsequent reaction with the acid functionalities.
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Figure 3. XPS analysis (solid symbols: pristine, open symbols: P-doped) of the P-bands:
GDL29AA (solid symbols: pristine, open symbols: P-doped) and b) CNF; and the N-bands:

GDL29AA and b) CNF.

The O1s XPS bands of both materials before and after the introduction of -PO3 groups for both
GDL29AA and CNF are shown in Table 1 (see Table S3 for complete XPS quantification). Due to
the similar binding energies, discerning between C-O/P-O, C=0/P=0 bonds [33] can be challenging.
However, it is possible to split the Ol1s band into three different regions [34]: a) 535.6-536.49 eV
corresponding to C=0/0O-P=0, b) between 532.8 and 5.33.9 eV, for C-O/C-0-P bonds and c) 531.7-
532.82 eV for C=0/P=0. Our best fits for all three regions of the O1s band for each sample indicate

the appearance of two new peaks that were attributed to P-O and P=0 bonds.

For both materials, a shift to higher binding energies upon doping for the C-O band is observed (e.g.

from 532.8 to 533.1 eV for CNF and from 532.7 to 532.93 eV for GDL29AA), suggesting a change



in the environment of the initial -OH functionalities. In contrast, the C=0 band which is not expected
to be affected by the introduction of new -POz groups remains mostly unaltered. The appearance of
P=0 and P-O groups upon the doping treatment is concomitant with the reduction of the at.% of both
C-0O and C=0 bonds, thus suggesting the parallel consumption of C-OH for the -POz introduction and
the release of C=0 bonds. It is worth mentioning that the decrease of this band is only minor for the
GDL29AA material, while much more considerable for our electrospun CNF mat. Additionally, the
percentage of O-C=0 bonds decreases dramatically as well upon doping. We believe that this could
be attributed to the thermal lability of such groups, in agreement with the previous observations made

through Raman spectroscopy.

Table 1. XPS survey on the composition of the O1s bands.

O 1s composition

Ols O=C O=P Oo-C Oo-p 0O-C=0O

Sample Tot. at.% at.% at.% at.% at.%

at% (eV)B (ev)BEl (ev)[El (ev)[@ (ev)E

24 65.7 10.3
CNF  9.22 - -
(533.7) (531.8) (536.2)
CNF 95 398 282 194 31
10.09
P-doped (5335) (533.1) (531.3) (532.3) (535.9)
12.2 87.8
GDL29AA 1.92 - - -
(534.0) (532.4)
GDL29AA 85 424 280 212

2.47 ]
P-doped (534.0) (533.0) (531.5) (532.2)




&l Fractions of C=0, C-O and O-C=0 species from fits of the O1s region. Position of peaks after

deconvolution are shown in brackets.

With regard to the alteration of the sp?-C lattice, no clear shifts were observed in the Raman bands
after doping, (Figure S9) while the Ip/lg ratio slightly decreased only for the P-doped CNF sample

when compared to the pristine one.

3.2 Half-cell performance: Electrochemical characterization

Cyclic voltammograms (CV) (Figures 4a and b) conducted between -0.1 and 1.2 V (vs. SCE) show
the characteristic anodic and cathodic current peaks observed for the redox reactions that vanadium

undergoes on the surface of the electrodes:

VOF +2H* + e~ o VO?** + H,0 E°=1.00Vvs.RHE (1)

VO?** +2H* 4+ e~ & V3* + H,0 E° =0.34V vs.RHE (2)

V3t + e” o V2t E®°=—-0.26Vvs.RHE (3)

V3 /V?* peaks are superimposed on the negative current generated by HER (caused by the Pt current
collector used in the half cell, three-electrode set up), therefore CV analysis was done through the
VO /VO,* reaction peaks (between ~0.7 and 1.2V). Figure 4 shows the CV of the two materials in a
V(1N/V (V1) mixed electrolyte, including an example CV of the bare Pt electrode (black). It is clear
from the Pt CV that there is very little current contribution in the region of the V#*/>* peak (at positive
potentials), whereas the Pt contributes to the HER at negative potentials, obscuring any V*** redox

couple. Therefore, for the purposes of the CV activity of these materials we consider only the V4*/5*



couple n this electrochemical set up. It is evident that the pristine CNF sample outperforms the
commercial GDL29AA, as both cathodic and anodic current densities show higher values when
normalized to geometric area. In the case of GDL29AA, P-doping seems to modestly favor the
VO*/VO," reaction, as peaks become slightly sharper and AV (cathodic — anodic) decreases [26].
Unexpectedly, for the P-doped CNF sample, the peaks become less intense and AV increases. This
suggests that the strategy to enhance the number or active sites through the introduction of phosphate
groups in these lignin-derived carbon fibers, that already had a high content of oxygen functionalities,
is counterproductive. We hypothesize that the newly introduced bulky phosphate groups, generated
over —OH functionalities might be hindering the activity of adjacent C=0 oxygen centers that need
neighboring groups to activate a chelating-type of catalytic performance [35]. Furthermore, as
previously mentioned, the drastic decrease in BET surface area for the CNF sample after doping
suggests pore blockage, which in turn would lead to fewer reactive sites available for Vanadium ions.
In the case of GDL29AA, surface area for the pristine material is already extremely low, therefore

treatment with NH4PFs results in doping without the detrimental effect of pore blockage.

Additionally, the content of -O-C=0 groups also decreases upon P-doping for the CNF sample and
that might suggest that these acidic groups play a determinant mechanistic role in the redox chemistry
of Vanadium [36][37]. Further investigation is currently being conducted to understand the
mechanism with the different types of oxygen functionalities, as it has been already suggested that

each type of oxygen activates the surface in very dissimilar ways [38].
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Figure 4. Cyclic voltammograms for samples with exposed areas of 0.79mm? for: a) GDL29AA
(solid lines: blue: pristine, black: Pt current collector, dashed lines: P-doped) and b) CNF (solid lines:

red: pristine, black: Pt current collector, dashed lines: P-doped).

3.3 Full cell performance: Polarization curve and cyclability tests

The fibrous mats were also evaluated in a full RFB cell, where no Pt current collectors exist to obscure
the activity of the negative redox couple. To evaluate the kinetic cell potential variations due to
different sources of polarization (e.g. activation overpotential, mass transference, concentration
polarisation, ohmic polarization) [39] we recorded the cell voltage at different current densities as
shown in the polarization curves at 100% State of Charge (SoC) in Figure 5. All profiles show almost
linear decays with current density, which suggests polarization mainly related to the conductivity of
samples. There seems to be similar losses for all systems, with P-doped CNF showing the worst
performance, in agreement with the poorer kinetic redox performance observed for this sample in
three-electrode cell CVs (Figure 4b). In the case of the commercial GDL29AA samples, both pristine
and P-doped electrodes behave very similarly, although the P-doped sample shows slightly lower

voltage retention at higher current densities.

Contrary to what the results obtained using the half-cells suggested, the CNF electrode shows greater
polarization losses than the commercial one in a full-cell configuration. We believe this could be due

to electrolyte flow inhomogeneity within the electrode, which will be more prominent for the



electrospun samples, as has been shown in previous fluid dynamics simulations in electrospun flow
battery mats [21][22]. This can be corroborated by the slightly higher voltage drop observed at higher
current densities, as the effect of the hindered electrolyte permeability is more noticeable precisely at
high current densities or when larger fractions of electrode are used [40]. Additionally, electrospun
materials with a low degree of graphitization and poor through-plane fiber contact will be expected
to have significantly lower electrical conductivity than those of commercially available GDL fibers,
graphitized at high temperatures. Accordingly, when electrical conductivity was measured across the
assembled electrode layers, values showed the following trend: Pristine GDL29AA > P-doped
GDL29AA > Pristine CNF > P-doped CNF (25.3 > 19.6 > 9.8 > 2.6 S m™Y). In spite of having lower
conductivity values, it is worth mentioning that the behavior of our pristine electrospun material is
comparable to that observed for the commercial ones. This suggests that improvements to and
optimization of the carbonization process could mean that the lignin-based materials could surpass
the performance of the commercial standard. Additionally, further optimization of the flow cell
experimental parameters for the electrospun mats should improve their performance compared with
the commercial materials. In fact, given the significantly lower conductivity (nearly an order of
magnitude difference between the P-doped CNF and pristine GDL29AA) shown for the electrospun
materials, it is remarkable that they obtain similar performance in the initial cycles of full cell testing,
suggesting that despite the limitations of low electrical conductivity, these materials possess inherent
catalytic / surface properties that could be even more beneficial for VRFBs once optimization

increases the conductivity.

Interestingly, both P-doped samples showed lower conductivities that the pristine forms, which might
be associated to the generation of surface N/P-defects upon doping. This would prevent inter-fiber
electron tunneling but at the same time would increase the number of electrocatalytic sites for

Vanadium redox reactions.
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Figure 5. Polarization curves for: GDL29AA (blue, solid symbols: pristine, void symbols: P-doped)

and CNF (red, solid symbols: pristine, void symbols: P-doped).

The cell voltage vs. time for all samples is presented in Figure 6. In the case of the pristine samples,
both keep steady charge-discharge profiles throughout all cycles. However, P-doped samples start
deviating from their pristine analogues as soon as in the second charge-discharge cycle, which
suggests these samples might be promoting side reactions and thus, shifting the cell balance and

effectively lowering the capacity of the battery.
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Figure 6. Cyclability tests showing the variations observed within the 5 first cycles for: a) pristine

GDL29AA, b) P-doped GDL29AA, c) pristine CNF and d) P-doped CNF.

The cell capacity and energy efficiency are plotted for 15 cycles at a current density of 40 mA/cm? in
Figure 7 (theoretical capacity is 21.4 Ah/L using a 1.6 M electrolyte concentration and two 20 mL

reservoirs). Capacity fades for all samples, although more prominently for P-doped samples. In



accordance to the previous observations, P-doping seems to provoke unwanted reactions between the
electrodes and the electrolyte, thus decreasing the usable capacity with time and altering the time for
charge/discharge. This is also seen by the values of Coulombic efficiency in Figure 7b, which are not
particularly high, thus suggesting side reactions are interfering with the performance of our
electrospun materials, most likely HER at the negative electrode. However, there is no need for the
electrodes in RFBs to be symmetrical, where the same material is used for the negative and the
positive electrodes. So though these materials may not be optimized for the negative electrode, paired
with a different material they could have potential as positive electrodes in VRFBs, as well as having

room for optimization of the microstructure and surface chemistry.
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Figure 7. Cell capacity charge (a) and discharge (b), and cell efficiency (c) for: GDL29AA (blue,
solid symbols: pristine, void symbols: P-doped) and CNF (red, solid symbols: pristine, void symbols:

P-doped).



4. Conclusions

In this work, we have compared the suitability of biomass-derived electrospun mats as electrodes for
RFBs with commercially available carbon papers, and have tested for the first time a lignin-derived
carbon electrode in a full redox flow cell. Characterization of the electrodes shows significant
differences in their morphology and surface characteristics, leading to diversion of performance in
operating flow batteries. P-doping was hypothesized to increase the activity towards the redox
couples, which showed a slight positive effect for the GDL, but a negative effect for the CNF in a
three-electrode electrochemical test, possibly mainly due to loss of active sites and surface area.
Additionally, the performance in a full cell seemed to be slightly hindered by the P-doping for both
samples. Nevertheless, there is significant room for improvement in both morphology and surface
chemistry for electrospun fibers, allowing control and optimization of porosity, fiber size, surface
functionality and conductivity. Tuning these factors could see sustainably derived electrospun
carbons out-performing commercial materials in the near future.
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