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ABSTRACT

Carbon-based electrode materials are used in a broad range of energy storage systems and influence their per-
formance significantly. Electrode materials must be investigated to optimize the technologies’ efficiency. This
study examines lab-fabricated and commercial electrode materials for vanadium redox flow batteries (VRFBs),
and the influence of thermal treatment on these materials. Scanning electron microscopy images and X-ray nano-
computed tomography revealed significant differences between the 3D shapes of the carbon fibers, which are
influenced by the choice of precursor material and manufacturing process. Both have a crucial influence on the
inner structure of the fibers, such as holes, which lower the mechanical stability. Furthermore, the composition of
the fibers was assessed using wide-angle X-ray scattering and X-ray photoelectron spectroscopy highlighting
especially differences in the fibers’ oxygen- and carbon content. The applied thermal treatment increased the O-
content and thus enhanced the material’s wettability, which was investigated with dynamic vapor sorption. No
structural changes in the fiber shape were monitored after thermal treatment. The materials’ electrochemical
performance was studied for VRFBs. The study of different electrode materials here shows the importance of
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choosing a suitable precursor and manufacturing process and the need for a multimodal characterization of
materials to identify potential candidates.

1. Introduction

To tackle climate change, the emissions of greenhouse gases must be
decreased as fast as possible. Renewable energy sources such as wind or
solar offer an excellent solution to generate electricity without emitting
undesired greenhouse gases. However, large-scale energy storage de-
vices such as batteries, fuel cells, or electrolyzers are required to balance
the fluctuations in the generation and use. The vanadium redox flow
battery (VRFB) is a commercially available technology that allows the
storage of energy on a large scale. The advantages of this technology are
its long lifetime, high efficiency, low environmental impact, and fast
response time [1,2]. A key part of any VRFB is the electrode due to its
strong influence on the efficiency and its potential for degradation and
aging [3-5]. Therefore, the electrodes need to be studied and improved.
Typically, carbon fiber-based electrodes such as carbon felts, carbon
papers, or carbon cloths, which have porosity and thus, a high surface
area, are used [2,3,6]. The carbon materials are produced from various
precursors, including natural resources such as cellulose [7-9] and
petroleum-based sources resulting in e. g. polyacrylonitrile-based (PAN)
carbon fibers [10,11]. The thickness and shape of the resulting fibers are
influenced by the choice of precursor and the manufacturing process.
Different techniques such as wet spinning or dry spinning give different
results and can be used to optimize the fiber’s shape [12-14].

The pristine carbon materials are often relatively hydrophobic and
have a low catalytic activity towards the desired vanadium redox re-
actions [10,15-19]. Thus, pretreatment or modification of the materials
is very common to improve wettability and electrochemical perfor-
mance. A wide variety of methods have been proposed in the literature
[20-24]; however, the standard procedure is based on a thermal treat-
ment of the electrodes, which improves the wettability and catalytic
activity by introducing functional groups, modifying the graphitic
structure [10,15,16,18,22].

Carbon materials for VRFBs are often investigated using a variety of
characterization techniques, as they must meet three crucial re-
quirements for excellent performance: the electrode must have high
catalytic activity to achieve a good electrochemical performance, a good
wettability to effectively utilize the entire electrode area, and finally, a
suitable structure to enable unimpeded flow of the electrolyte through
the electrode. The electrochemical performance of electrode materials is
often investigated using cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) to determine if the material is promising
[4,15,17,25-27]. This is followed by full-cell testing to confirm the
behavior and to study the material in a more application-oriented setup
[28,29]. For pristine and thermally activated carbon fibers, the elec-
trochemical performance is well-understood [15,17,18].

The structure of the electrode is often assessed using visualization
techniques such as scanning electron microscopy (SEM) or atomic force
microscopy (AFM), which provide 2D images of the sample [4,15,17,30,
31]. However, the 3D structure of the electrode and its fibers is also
crucial as the electrolyte must be pumped through the porous structure.
Therefore, electrode materials are studied using X-ray p-computed to-
mography (p-CT) or X-ray nano-computed tomography (nano-CT) to
examine the 3D structure at different resolutions. In these methods,
X-rays are transmitted through the sample and acquired as projections,
which allows for the reconstruction of the sample and its 3D visualiza-
tion. p-CT is used to resolve the structure of a larger section of the carbon
material [32] which can be used, for example for pore network modeling
[33]. In contrast, nano-CT is required to achieve higher resolutions.
However, the published studies on carbon paper and electrospun fibers
have not been able to resolve the detailed structure of the fibers such as
kinks and edges on the fiber’s surface or holes in the inner part of the

fiber [34,35]. Additional information about the fiber can be obtained by
X-ray crystallography [36,37] and wide-angle X-ray scattering (WAXS)
[38], such as the graphitization degree, while elemental analysis [39,40]
and Fourier transformation infrared spectroscopy [41,42] are used to
study the composition of the fiber. In contrast, X-ray photoelectron
spectroscopy (XPS) allows studying the elemental surface composition
of the fiber [15,43]. For the last key property, the wettability of the
carbon material, a laboratory-based approach can be chosen using dy-
namic vapor sorption (DVS) measurements, which investigate the hy-
drophilicity of the sample’s surface. If more detailed information on the
wettability of a large section is required and the flow through the porous
structure needs to be studied, synchrotron X-ray imaging (radiography
and tomography) experiments can be performed [4,16,44].

This study investigates different lab-fabricated and commercial
electrode materials for use in electrochemical energy storage devices
such as VRFBs and the influence of thermal treatment on the materials.
The morphology of the fibers is studied with SEM and nano-CT high-
lighting the differences caused by the choice of precursor and
manufacturing process. Additionally, WAXS and XPS are used to
examine the composition of the fibers, and the wettability of the fibers is
accessed using DVS, which shows significant differences in the wetta-
bility of the materials studied. Last, the electrochemical performance of
the electrodes is investigated using CV and EIS combined with the dis-
tribution of relaxation times (DRT) analysis.

2. Experimental
2.1. Materials

For the lab-designed carbon fibers, air-gap spun cellulosic fibers
(HighPerCell®) were used as carbon fiber precursors. They were syn-
thesized using a solution of softwood pulp in the ionic liquid 1-ethyl-3-
methylimidazolium octanoate ([C2C1im][Oc], IoLiTec, Germany) [8].
Additionally, ammonium tosylate (ATS) was synthesized by adding 1.5
equiv. of a 30 wt.-% aqueous solution of ammonia to an aqueous solu-
tion of p-toluene sulfonic acid, stirring for 2 h at room temperature, and
then removing water in vacuo.

The air-dried pulp and [C;C;im][Oc] were mixed in a kneader for 30
min at room temperature. The obtained slurry was conveyed through a
spiral pump at a rotational frequency of 100 Hz and degassed at 120 °C
and 60 mbar in a thin-film evaporator (VTA GmbH & Co. KG, Aalen,
Germany). The received solution was filled into a pressure filtration
cauldron (Karl-Kurt Juchheim Laborgerdte GmbH, Bernkastel-Kues,
Germany) using a heated gear pump (110 °C). The dopes contain 12
wt.-% of cellulose. Multifilaments were spun with a customized labo-
ratory spinning device at 65 °C [8]. The spinning dope was passed
through a filter with a mesh size of 0.043 mm. The solution was then
extruded through a 250-hole spinneret with a capillary diameter of 150
pm. After passing an air gap of 10 mm, a water bath was used for
coagulation. Filaments were washed with hot water (80 °C) by passing
two baths and two washing godets. Before being wound onto a bobbin,
fibers were dried with a heated godet (80 °C). Afterward, fabrics with a
plain weaving design were prepared. A 0.35 M ATS solution was used for
fabric finishing. The material was left within the solution for 2 h and
afterward was left to air dry.

The ATS-finished fabric was carbonized under nitrogen atmosphere
in a high-temperature batch type furnace (Gero HTK 8GR/22-1G) with a
final carbonization temperature of 1300 °C applying a heating rate of 10
K/min. The obtained carbon cloth is called DITF Pristine in the
following.

The lab-designed carbon cloth will be compared in the following
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with the commercial carbon felts SIGRACELL® GFA 6.0 EA (in the
following: GFA Pristine) and GFD 4.6 EA (in the following: GFD_Pris-
tine) from SGL Carbon (Meitingen, Germany). All three materials were
thermally pretreated as proposed in the literature to enhance their
wettability and electrochemical performance [15,19]. The carbon ma-
terials were placed in a covered glass Petri dish and heated to 400 °C for
25 h in a muffle furnace in an air atmosphere using a heating rate of 400
K/h.

2.2. Characterization

SEM: Scanning electron micrographs were recorded on a Zeiss
Auriga field emission scanning electron microscope from Carl Zeiss
(Oberkochen, Germany) using an acceleration voltage of 3.47 kV. All
samples were sputter-coated with Pt/Pd before analysis.

Nano-CT: Carbon fibers were manually removed from the carbon
electrode samples using tweezers and then affixed to a needle with UV-
curing glue. The fibers were scanned using the lab-based nanoCT Xradia
810 Ultra, which employs a quasi-monochromatic X-ray beam from a Cr
anode with an energy of 5.4 keV. This system operates with a sequence
of optics to achieve a pixel size of 32.3 nm within a 16 pm field of view.
The samples were scanned using the Zernike phase contrast mode over
180°, acquiring 901 projections with an acquisition time of 120 s per
projection. The 3D data reconstruction was carried out using Zeiss’
proprietary software, ‘Scout and Scan Reconstructor’, which is based on
the filtered back projection algorithm.

For the 2D and 3D visualizations, a schematic workflow is displayed
in Fig. 1 using the software Dragonfly [45]. After adjusting the grey-
scale, the slices were divided into areas with similar values on the
greyscale using the ‘Smart Grid Tool’. Next, the areas belonging to the
fiber were marked (pink part in image) and used for the reconstruction
resulting in a 3D display of the carbon fiber.

WAXS: WAXS measurements were performed on a D/Max Rapid II
from Rigaku (Tokyo, Japan) operated at 30 mA and 40 kV using Cu Ka
radiation (4 = 0.154059 nm). A shine monochromator and an image
plate detector were used. The scanning rate was 0.2°/min and the
scanning step was 0.1°. All fibers were aligned in a fiber sample holder.
The degree of crystallinity (X.) was calculated according to the peak
deconvolution method using Pearson-VII curves (Equation (1)).

>k
S (I +IL)
I. and I, are the integrated intensities of the crystalline and the

amorphous reflections, respectively. The crystallite size (t) was calcu-
lated according to Scherrer’s equation [46].

e K
" B-cos 6

X.= (€8]

@

B is the width at half-height of the reflection, K is the Scherrer factor,
which depends on the crystallite shape, and 6, is the Bragg angle.

Segmentation
using a grid
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XPS: XPS measurements were carried out with a Specs XPS system
using monochromatized Al Ka radiation (300 W, 15 kV) and pass en-
ergies of 90 eV and 30 eV for survey and detail measurements, respec-
tively. The software CasaXPS was employed for the peak fit of the XPS
results. A Shirley-type background was used in all cases. While an
asymmetric line shape was inserted for the sp?-carbon peak in the Cls
detail spectra, a (symmetric) Gaussian-Lorentzian peak shape was used
for all other peaks. Survey spectra and exemplary fits are displayed in
the supporting information.

DVS: DVS measurements were performed with a Q5000 Sorption
Analyzer (TA Instruments) to study the wettability of the carbon mate-
rials. The sample is heated up to 60 °C for 90 min at the beginning and
for 300 min at the end of the measurement to remove water residues.
The measurement itself was conducted at 25 °C. After an initial step at 0
% relative humidity (RH) for 300 min, the RH was increased to 30 % for
1200 min. Afterward, 0 % RH was kept for 300 min before heating the
sample.

iGC: The inverse gas chromatography (iGC) measurements to
determine the surface area were performed with a IGC Surface Energy
Analyzer (SMS, Surface Measurement Systems Ltd.) equipped with a
flame-ionization detector. The sample was packed in silanized glass
chromatographic column (SMS Ltd.) with an inner diameter of 4.0 mm.
Plugs of silanized glass wool (Superlco®, Sigma-Aldrich) were used to
fixate the sample in the column. For all measurements, Ny (99.999 %,
Westfalen AG) was used as carrier gas at a flow rate of 10 mL min’l, and
methane (99.95 %, Air Liquide) as reference. All alkanes (n-heptane, n-
octane) used were HPLC grade and purchased from Thermo Fisher Sci-
entific. The DITF Pristine and GFD_ThermAct were preconditioned in
the column at 110 °C under nitrogen flow for 1 h to remove residual
water. The measurements were carried out at sample-dependent tem-
peratures to obtain accurate results: DITF samples at 20 °C, GFA pristine
at 30 °C, and activated at 60 °C. Before applying the BET method, its
applicability was checked via the type of adsorption isotherm.

CV: CV measurements were performed to investigate the electro-
chemical performance of the electrode materials using a three-electrode
setup with an in-house developed flow cell [26] and an SP-300 poten-
tiostat (BioLogic Science Instruments). The electrodes were cut into
rectangular pieces (1.0 cm x 1.0 cm) and were placed in the working
electrode (WE) of the flow cell’s channel and contacted by a gold foil
(0.25 mm, 99.9975+ %, Alfa Aesar) and a gold wire (@ 0.5 mm,
99.9975+ %, Alfa Aesar). In all experiments, an in-house developed
hydrogen reference electrode (RHE) was used as the reference electrode
(RE), and a stack of three thermally activated carbon papers (2.5 cm x
2.5 cm) served as the counter electrode (CE). The carbon paper stack was
contacted with a titanium foil (1.0 mm, 99.2 %, Alfa Aesar) and a gold
wire. The CVs were conducted at room temperature with a scan rate of 2
mV s~! while no flow was applied. Potential limits were chosen so the
peaks were evident during the anodic and cathodic scans.

EIS: EIS characterized the wettability and processes in the positive
half-cell using the same setup as for the CV measurements [26]. The EIS

Identification
of fiber

Reconstruction

Fig. 1. Schematic display of the segmentation process for analyzing nano-CT data.



M. Schilling et al.

measurements were performed at room temperature at a flow rate of 15
mL min~! in a frequency range from 100 kHz to 3.5 mHz. The poten-
tiostatic mode was used with a single sinusoidal excitation of 5 mV as the
perturbation and an applied potential of 1.05 V vs. RHE. During the
measurement, the electrolyte was pumped from the electrolyte reservoir
through the flow cell and back to the reservoir by a peristaltic pump
(Masterflex L/S®, Cole-Parmer). Since the conditions at the electrodes
should remain constant to gain meaningful impedance data, the elec-
trolyte was continuously pumped to ensure a steady state [25,26].

The data were further analyzed using a MATLAB-based tool called
’DRTtools” [47] based on the Tikhonov regularization. The spectra
fitting is based on a Gaussian function for the discretization and includes
the inductive data. A regularization parameter of E—9 was used.

3. Results and discussion

Three different carbon-based electrode materials are studied before
and after thermal activation and the results are presented in three sec-
tions. The first section discusses the fiber shapes and morphology, the
second one the fiber composition, followed by a discussion of the fiber
wettability and electrochemical performance of the electrode material.

3.1. Fiber shapes

The structure and morphology of the electrode material influence the
overall performance of electrochemical devices significantly since the
electrode material serves as catalyst (e.g. VRFBs) or as support material
for the catalyst (e.g. fuel cells) and as the current collector, and dis-
tributes the electrolyte or reaction gases within the electrode. Thus, the
materials and their carbon fibers need to be studied in detail to be
optimized for the respective application. Here, the carbon fibers of
commercially available and lab-fabricated carbon-based electrode ma-
terials for VRFBs are studied using SEM and nano-CT allowing us to
investigate the surface of the fibers and their internal structure. Besides,
the knowledge about the fibers and the resulting electrode material for
VRFBs can be transferred and used to optimize other electrochemical

= 10 pm
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applications such as fuel cells or electrolyzers since the precursors and
resulting fibers are often similar.

Fig. 2 shows representative images of the studied electrode mate-
rials. In each image, several carbon fibers and their surface structure are
visible in SEM images. The fibers DITF Pristine and DITF_ThermAct
(Fig. 2a and b) have both smooth surfaces with some inhomogeneities,
which could be caused by impurities. After the thermal activation, the
number of inhomogeneities is lower. The diameter of roughly 10 pm and
the roundish shape of the fibers does not change during activation.
Further insights into the 3D shape of the fiber will be presented later
(Fig. 3).

In contrast, the fibers of the commercial material GFA have a
different structure. The fibers themselves consist of an inhomogeneous
bundled rod structure for both, pristine and thermally activated fibers
(Fig. 2c and d). Thus, the fiber has a high number of kinks and edges,
which are considered defect sites since they foster undesired side re-
actions such as hydrogen evolution or carbon corrosion in VRFBs as
recent studies demonstrated [5,48]. During the thermal activation, the
shape and surface of the fibers does not change. The DITF- and
GFA-fibers are both based on a cellulose precursor, but their fabrication
process differs. The fibers are obtained by using a cellulose-containing
solution, which is spun into another solution, the so-called coagula-
tion bath. In the case of the GFA fibers, the chemically modified cellulose
in a basic solution is spun directly into an acidic solution, which creates
a structure like bundled rods [49]. In contrast, the roundish fibers can be
achieved by choosing a cellulose solution based on ionic liquids, which
is spun via an air-gap into water [8]. The spinning process with an
air-gap always leads to roundish fibers since the structure with the
smallest surface is favored. Furthermore, the ionic liquid used in the
precursor solution has a larger solubility for cellulose and thus, higher
concentrations can be reached, which are favored. Additionally, the
used ionic liquid is non-toxic, available on an industrial scale, and can be
reused in the manufacturing process, which lower the production costs.
In general, this indicates that the manufacturing process and conditions
need to be chosen carefully.

The third material, the GFD-fibers, is based on PAN, derived from

e) GFD_Pristine

Fig. 2. SEM images of different electrode materials before and after thermal activation.
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g) GFD_Piristine -
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c) DITF_ThermAct f) GFA_ThermAct
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i) GFD_ThermAct

1 um

Fig. 3. Nano-CT images of different electrode materials prior to and after thermal activation: a), d), and g) slices through fiber cross-section, and b), c) e), f), h), and

i) 3D images of fibers.

petroleum. These fibers are fabricated using a PAN-containing organic
solution and are directly spun into the coagulation bath [13]. SEM im-
ages of GFD_Pristine and GFD_ThermAct displayed in Fig. 2e and f shows
these fibers have a roundish shape and some macroscopic pores at the
surface, in contrast with the roundish DITF-fibers that have a smooth
surface and are free from macroscopic pores. Again, the morphology of
the fiber is unchanged after thermal activation.

The strong influence of the different precursors and manufacturing
routes is even better visible in the obtained 3D displays of the fibers
using nano-CT. To the best of our knowledge, this is the first time in-
dividual fibers including their inner structure for electrochemical ap-
plications are studied using nano-CT with a high resolution. For the
measurements, an individual fiber is extracted from the electrode ma-
terial. The obtained cross-section slices are segmented to distinguish

between the fiber and the surroundings (Fig. 3a-d, and g). Similar slices
are obtained for each material before and after thermal activation.
Therefore, the cross-section slices are only shown for the pristine ma-
terials. Additionally, 3D representations are reconstructed based on the
segmentation, which highlights the 3D shape and morphology of the
fiber (Fig. 3b, c, e, f, h, and i).

The cross-section slice of DITF Pristine (Fig. 3a) shows a roundish
fiber with a diameter of 8 pm-10 pm. The SEM images revealed a smooth
surface and here, the cross-section slice has only minor kinks, e. g. at the
bottom part of the fiber. The 3D representations of the DITF Pristine
(Fig. 3b) and DITF_ThermAct (Fig. 3c) highlight the smooth morphology
and roundish shape of the fibers, with no significant differences
observed between the pristine and activated fibers. Thus, the fiber is not
destroyed during the activation step by oxidation of the carbon material
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in air under the applied conditions. The inner part of the DITF fibers is
dense and does not consist of any inhomogeneities or holes. Thus, this
material is very suitable for use in electrochemical devices such as
VRFBs, since the fiber has a smooth surface with very few kinks or edges,
which helps to suppress the HER [48], and promises high mechanical
stability at the same time. To achieve this, the DITF-fibers were
carbonized using ATS to increase the carbon yield and minimize the
defects of the carbon fiber material [50].

Despite the fiber being based on the same precursor, cellulose, the
shape of the GFA-fiber differs significantly from the DITF-fiber, which is
caused by the choice of manufacturing process [8,9,49-51]. The
cross-section slice in Fig. 3d displays the bundled rod structure in more
detail. The slice shows the uneven shape of the surface, which consists of
many kinks and edges. The defect-rich surface leads to more side re-
actions since potential spikes occur at the defects. Additionally, the
roughly 10 pm thick fiber has a high number of small holes in its inner
part. The holes are not depicted in Fig. 3 since they are discussed in more
detail later in Fig. 4. The presence of holes in the fiber leads to significant
mechanical stability issues since the carbon fiber will always break at its
weakest point such as a hole or kink [52,53]. Besides the spinning
process used for precursor manufacturing, the carbonization conditions
have a significant influence on the carbon fiber properties, both me-
chanical and structural.

Although the GFA Pristine and GFA_ThermAct have both the above-
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mentioned bundled rod structure, the shape of the fibers is not identical.
The GFA_ThermAct has an oval shape compared to the more roundish
GFA _Pristine. However, the variations are caused by the manufacturing
process and not by the thermal activation. In the SEM images (Fig. 2¢
and d), variations in shape are also visible. This fiber exhibits several of
the disadvantages above-mentioned for use in electrochemical applica-
tions, such as an inhomogeneous morphology including kinks and edges
[5,48], and a lower mechanical stability caused by the holes inside the
fiber [50].

The third investigated material, GFD, is a commercial carbon felt for
VREFB electrodes. As already visible in the SEM images (Fig. 2e and f), the
surface of GFD has some macroscopic defects — dents — at its surface in
the range of <1 pm. The fiber itself has a diameter of roughly 8.5 pm and
a round cylindrical shape. The same observation as for the other mate-
rials was made here, the 3D structure is not influenced by the thermal
activation under the selected conditions. The GFD-fibers have a dense
inner part and no holes, which is beneficial for mechanical stability.

In conclusion, the shape of the fiber is significantly influenced by the
choice of precursor and fabrication process. Even small changes can lead
to differences in the morphology and structure of the fibers. For use in
electrochemical devices, fibers with a smooth surface free of in-
homogeneities and defects and a dense inner part are favorable.

The DITF- and GFD-fibers have a dense inner part and no holes,
whereas the GFA fiber has a structure with cavities. The high-resolution

GFA_Pristine

a) Top view

b) Side view

GFA_ThermAct

c) Top view

d) Side view

Fig. 4. 3D representations of a), b) GFA _Pristine and c), d) GFA_ThermAct displaying the holes in the inner part of the fibers in different views.
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nano-CT measurements allow to resolve imperfections in the size below
1 pm in the inner part of the fiber. In Fig. 4, the holes inside GFA-Pristine
and GFA_ThermAct are shown. The fibers are each displayed in the top
view and the side view to highlight the positions of the holes in the 3D
structure of the fiber.

The GFA Pristine fiber has a high number of small holes inside its
structure. The top view (Fig. 4a) shows that the holes are present in the
whole fiber cross-section, but more condensed in the bottom part of the
image. Several of the holes are also close to the surface of the fiber,
especially in the left part of the fiber. Most holes have a round shape and
only a few have an oval or line-like shape. The side view (Fig. 4b)
highlights this even more. In contrast, the GFA_ThermAct fiber consists
of a lower number of cavities, which are often close to the surface of the
fiber (especially at the bottom part in Fig. 4c) and have a triangular
shape. The side view (Fig. 4d) reveals that the holes in the left part of this
image (marked by the arrow) reach through the whole scanned region.

We believe that the strong differences in the shape, size, and number
of holes are not caused by the thermal activation but by the
manufacturing process, which leads to different fiber shapes and thus,
also different hole patterns in the inner part of the fiber. Vocht et al. [50]
studied cellulose-based carbon fibers, which are manufactured using
different processes and processing conditions. They observed similar
holes in cross-sectional SEM images and concluded that the
manufacturing process and choice of precursor and conditions influence
the inner and outer structure of the fiber significantly. Since the
manufacturing process is complex and sensitive to changes (such as
temperature during stabilization or carbonization), the conditions must
be carefully controlled to guarantee a reliable product.

Nevertheless, holes in the fiber are undesirable since they lead to a
lack of mechanical stability. The “weakest link theory” of Weibull pre-
dicts that a brittle material such as a carbon fiber will always break at its
weakest point [52,53]. Defects such as holes, kinks, and edges act as
macroscopic defect sites, whereas imperfections in the carbon structure
act as microscopic defect sites. Both defect types result in a higher
chance that the fiber will break during operation since carbon materials
are usually compressed in the electrochemical cells to enhance the
electrical contact. Furthermore, the imperfections can lead to cracks at
the fiber’s surface and the electrolyte can wet the inner structure of the
fiber. Since any imperfections in the structure such as kinks and edges
lead to potential spikes, more undesired side reactions such as carbon
corrosion or hydrogen evolution in VRFBs are fostered. Recently per-
formed synchrotron X-ray imaging experiments highlight the influence
of the materials and fiber shape on the hydrogen evolution reaction
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[48]. Less amount of hydrogen volume was formed using an electrode
with smooth fiber surfaces compared to an irregular shaped one such as
the GFA fiber. Thus, imperfection-free carbon fibers are required to
allow long-term operation of electrochemical devices such as VRFBs.

3.2. Fiber composition

The fiber composition is a key parameter that influences the per-
formance of electrochemical devices as well as the shape of the carbon
fiber. In this section, the structural composition will be investigated
using WAXS, and the elemental composition using XPS.

WAXS measurements allow to characterize the graphite-type crys-
tallites, every carbon fiber consists of, and to learn more about crystal
dimensions. During the measurements, the scattered X-rays at a distance
far from the primary beam are monitored. The obtained diffraction
patterns and resulting diffractograms are shown in the supporting in-
formation (Fig. 9). Based on the fitting of the curves, crucial parameters
are calculated, which characterize the structural composition of the
material. For an easier understanding, the meaning of the parameter is
explained using the scheme in Fig. 5. The size of the graphite-type
crystallites is determined by L, and L., which give the length and
height of a crystallite in and across the fiber axis, respectively. Based on
the interlayer distance dgz2) and the number of layers N, stacked in a
graphite-like type, information about the electrical conductivity can be
drawn. A high value for N, and a value close to the value for the distance
of the graphene layers in graphite (d(o2), graphite = 0.355 nm [54]) hints
at good electrical conductivity of the individual fiber [55].

The calculated values for the above-mentioned parameter are sum-
marized in Table 1 for all carbon materials before and after thermal
activation. Only small deviations between the pristine fiber and ther-
mally activated fiber of each material were observed. The calculated
interlayer distances d(gz) are in the typical range for carbon fibers of
0.34 nm-0.36 nm for all studied materials [56]. As mentioned above,

Table 1

Structural properties of carbon fibers using WAXS.
Sample L./nm Lo/nm d(0o2)/nm N,
DITF Pristine 1.03 4.15 0.354 2.9
DITF_ThermAct 1.01 4.26 0.350 2.9
GFA Pristine 1.19 5.21 0.354 3.4
GFA_ThermAct 1.27 5.10 0.356 3.6
GFD_Pristine 2.54 6.45 0.350 7.3
GFD_ThermAct 2.34 6.97 0.349 6.7

Percentage s %

Fig. 5. a) Scheme highlighting the parameters obtained for WAXS measurements, and b) analysis of the XPS measurements: display of the elemental composition of

different electrode materials prior and after thermal treatment.
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this hints that the electrical conductivity of the carbon fibers is excellent.
A significant difference between the materials fabricated from different
precursors is found in the sizes of the graphite-type crystallites. The
DITF-fibers and GFA-fibers are fabricated both from cellulose and have a
significantly lower value for L. compared to the fiber fabricated from
PAN (GFD-fibers). The number of layers N, is calculated based on this
value. PAN fibers have roughly twice as many graphite-type stacked
graphene layers in their crystallites as cellulose-based fibers. The me-
chanical stability of the fibers is influenced by the number of defects
based on the “weakest link theory” [52,53] and imperfections such as
borders between the individual crystallites act as microscopic defects.
Thus, a high number of stacked layers is favorable.

WAXS allows to study the structural composition, whereas XPS
measurements deliver more information about the elemental composi-
tion of the surface. The survey spectra and exemplary detail scans of
DITF Pristine including corresponding peak fits are shown in the sup-
porting information (Fig. 10). Fig. 5 displays the calculated elemental
compositions of the carbon materials. All fibers consist mainly of carbon,
ranging from 87.7 % (DITF_ThermAct) to 98.4 % (GFA_Pristine), fol-
lowed by the content of oxygen, which is relevant for the wettability of
the material. Additionally, the cellulose-based carbon materials consist
of sodium as an impurity (max. 0.4 %), which is introduced during the
fabrication process. In contrast, the GFD-fiber is petroleum-based and
has thus, sulfur impurities since the raw oil consists of it (max. 0.1 %).

Significant differences in their oxygen content between the samples
were noticed. The GFA_Pristine has an O-content of 1.3 %, whereas the
O-content for the thermally activated fiber is roughly 5 times larger (6.3
%). The DITF Pristine fiber already has an O-content of 3.5 %, but the
value only increases by a factor of 3.5 during the thermal activation (O-
content of DITF_ThermAct: 12.3 %). In contrast, the O-content of GFD-
fibers increased during the thermal activation only by a factor of two
(O-content of 2.5 % for GFD_Pristine vs. 5.4 % for GFD_ThermAct).

3.3. Fiber wettability

Another crucial parameter influencing the performance of electro-
chemical devices is the wettability of the material. Depending on the
choice of application, the wettability needs to be optimized to fit the
needs. In the case of VRFBs, electrode materials, which can easily be
wetted, are favorable since the carbon material acts as a catalyst for the
electrochemical reaction and guides the electrolyte through the material
[4,16,44,57]. If the material is hydrophobic, a large pressure drop is
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observed, which lowers the overall efficiency of the VRFB. Wettability
can be investigated using two different methods. First, synchrotron
X-ray imaging experiments are used to study the wettability and elec-
trolyte distribution in the electrode [4,16,57,58]. However, synchrotron
experiments are often complex to analyze, costly, and require extensive
preparation time and work. Thus, another approach is needed for
day-to-day experiments in the lab. DVS measurements provide exactly
this and deliver information about the wettability of the material by
measuring the weight change of a sample at different relative humidity.
In the experiments conducted, the RH was increased from 0 % to 30 %
and afterward decreased to 0 % again and significant differences be-
tween the materials studied were observed (Fig. 6).

DITF Pristine shows a weight change of 2.5 % during the adsorption
process and the equilibrium is reached slowly. During the desorption,
the initial weight is reached slowly. In contrast, after thermal activation,
the DITF_ThermAct has a weight change of 7.2 %. Both, during the
desorption and adsorption, the equilibrium is reached quickly. XPS ex-
periments revealed that the DITF Pristine has a high amount of hydro-
philic oxygen-containing functional groups, which is even increased
after thermal activation.

The commercial materials, GFA and GFD, have a significantly lower
wettability before and after thermal activation. For better visibility, a
zoom-in on the respective data is presented in Fig. 6b. The pristine GFA
and GFD do not adsorb any water at 30 % RH (weight change of 0.00 %).
After the thermal activation, which introduces polar functional groups,
the wettability is only slightly improved and leads to weight changes of
0.03 % and 0.01 % for GFA and GFD, respectively.

For VRFBs, good wettability is crucial to enhance the performance of
this type of battery. Thus, the DITF-fibers are very promising. Further-
more, the DITF Pristine is already very hydrophilic and could therefore
be used in commercial VRFBs without an additional activation step. This
saves time and costs in large-scale production.

3.4. Electrochemical performance

CV and EIS studies were performed to characterize the electro-
chemical performance of the electrode materials in the positive half-cell
of a VRFB. Since the pristine commercial carbon felts (GFA_Pristine and
GFD_Pristine) are reported to show a low catalytic activity towards the
vanadium redox reaction [15,17,22] and a thermal activation step is a
common procedure for carbon-based electrodes [17,18,59,60], only the
CVs and EIS spectra of the thermally activated materials are included in
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Fig. 6. Water vapor sorption and desorption experiments at 0 % RH and 30 % RH for a) all samples and b) zoom-in for selected samples.
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this publication. The electrodes have different thicknesses and different
area weights. Thus, the BET surface area of the materials was deter-
mined using iGC. The current values in the CVs are normalized by the
BET surface area to allow better comparison and given in mA per m? g~ ".
GFA_ThermAct has a BET surface area of 3.10 m? g_l and GFD_Ther-
mAct of 0.91 m? g~1. The DITF _Pristine shows a significantly lower BET
surface area of 0.35 m? g~ 1.

The resulting CVs are displayed in Fig. 7. All materials show the
characteristic duck shape and symmetrical peaks during the anodic and
cathodic scan. The charge ratio of the anodic and cathodic scan Cgnodic/
Ceathodic 1S similarly high for all three materials with 96 % for DITF -
Pristine and GFA_ThermAct, and 97 % for GFD_ThermAct. Thus, the
vanadium redox reactions are reversible and the materials are suitable
for VRFB electrodes. Furthermore, we analyzed the peak-to-peak sepa-
ration AE. The DITF Pristine has the smallest peak-to-peak separation
with 169 mV, compared to 332 mV for GFA_ThermAct and 245 mV for
GFD_ThermAct. Thus, the DITF _Pristine shows lower overpotentials, and
charging and discharge during full-cell measurements would lead to
better efficiencies. For commercial applications, the costs for electrodes
need to be low. Fewer steps during production are favored. The DITF -
Pristine shows a better performance regarding peak-to-peak separation
and similar currents (normalized based BET area using iGC) compared to
the thermally activated electrodes. Thus, the DITF materials are inter-
esting for commercial application since costs are reduced if no thermal
activation is required.

Furthermore, we characterized the electrochemical performance of
the electrodes using EIS measurements combined with the DRT analysis
(Fig. 8). DRT analysis is a well-suited tool to assign peaks in a DRT
spectrum to physical processes and to study the effects of different
conditions, 3D structures, or materials. Our group established this
analysis tool for VRFB research, identifying processes in three different
frequency ranges in various DRT spectra. The high-frequency (HF) range
provides information about the electrochemical reaction, whereas the
mid-frequency (MF) range helps to investigate the transport processes in
the porous structure of the electrode. We can determine additional in-
formation about ion transport based on the impedance in the low-
frequency (LF) range [26]. DRT analysis is also used to link the
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Fig. 7. CV measurements of electrode materials in a flow cell in 0.1 M V*" in 2
M H,S0, with 2 mV s~!. The current was normalized using the BET surface area
obtained by iGC for each material.
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material’s wettability to its surface morphology [4,17,61]. Again, we
studied DITF Pristine and the thermally activated materials GFA -
ThermAct and GFD_ThermAct.

The GFD_ThermAct showed the lowest water uptake during the DVS
measurements and the DRT analysis confirms the low wettability of the
material. The material shows a very high impedance related to the MF
range. Thus, the pumping through the material is hindered. Both com-
mercial materials are fabricated using a needle-punch manufacturing
technique. Since the GFA_ThermAct shows a significantly lower
impedance in the MF range, the high impedance of GFD_ThermAct can
be attributed to its poor wettability. The DITF_Pristine shows a general
peak shift to lower frequencies and a slightly different distribution over
the frequency range. This is caused by the different 3D structure of the
electrode since the material is fabricated using weaving.

The EIS and DRT analysis demonstrate the strong influence of the
electrode’s 3D structure. For optimization studies, not only the catalytic
activity but also the wettability and 3D structure need to be taken into
consideration.

4. Conclusion

In this study, we characterized different lab-fabricated and com-
mercial electrode materials for electrochemical applications such as
VRFBs. Furthermore, a standard pretreatment in VRFB research, a
thermal activation in air, was applied to the materials to increase their
wettability, which led to no significant structural changes in the fiber
shape but to a change in functional groups at the fiber surface.

Fibers based on a PAN-precursor have a round shape with macro-
scopic pores at the surface. The inner part of the fiber is dense without
any holes, leading to higher mechanical stability. The WAXS measure-
ments showed for GFD Pristine and GFD_ThermAct that the materials
are promising to have high electrical conductivity, which is desired.
However, both materials have poor wettability — even after the thermal
activation step.

The second commercially available fibers studied are fabricated from
a cellulose-based precursor, which influences the fiber shape and surface
significantly. In simulation work, it is often assumed that the fibers are
perfect cylinders. However, the GFA-fibers have inhomogeneous sur-
faces with a bundled rod structure leading to many kinks and edges,
which foster undesired side reactions and are far from the ideal cylinder.
Additionally, the fibers have several holes in their inner structure, which
lowers the mechanical stability. Again, the commercial material exhibits
a low wettability, which decreases the efficiency of e.g. VRFBs due to a
large pressure drop in the electrochemical cell.

Additionally, the lab-fabricated fiber DITF Pristine, based on a cel-
lulose precursor and fabricated via a different manufacturing process as
the GFA-fiber, was studied. SEM and nano-CT revealed round, cylin-
drical fibers with a dense inner part. No holes in the fiber were found
using nano-CT, proving the high mechanical stability of the carbon fi-
bers. Additionally, the DITF Pristine fiber has already excellent wetta-
bility. Thus, no additional thermal activation step or other pretreatment
is required for the use as electrode material in VRFBs, which saves time
and costs during the production process. Furthermore, the DITF Pristine
shows better catalytic activity than the thermally activated commercial
material, proving its suitability for VRFBs.

The conducted study of different electrode materials shows the
importance of the multimodal characterization of materials to identify
potential candidates and optimize them for use in electrochemical de-
vices to achieve high efficiencies.
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