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H I G H L I G H T S  

� Liquid electrolyte progression front through porous electrode. 
� X-ray tomography shows the occurrence and displacement of air bubbles. 
� Wettability of carbon felt electrode plays a major role in saturation. 
� V(III) exhibits the highest saturation. 
� Quantitative study shows compression dominates pressure drop vs. vanadium species.  
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A B S T R A C T   

The electrolyte distribution inside the porous electrodes of vanadium redox flow batteries is critical to the 
performance, as it determines the electrochemically active surface area. Herein, the influence of thermal acti
vation, compression, and the injected electrolyte species on the pressure drop and the wetting is investigated by 
means of synchrotron X-ray radiation. The saturation versus the through-plane position is quantitatively dis
played as a function of time to resolve the wetting process. The initial state after the imbibition is then quan
titatively compared to the saturation after flow-through conditions. It was concluded that thermal activation 
plays a major role in the wetting, resulting in an up to six times higher saturation. Only a minor increase in 
saturation between the initial wetting state and after flow-through was observed. Additionally, there are only 
minor differences in the wetting behavior between the vanadium species in the electrolyte, the V(III) electrolyte 
shows the highest saturation. Increasing compression leads to a higher pressure drop and the saturation decreases 
only at compression ratios higher than 50%. Air pocket formation inside the liquid column was observed and the 
displacement and re-emergence of air pockets after flow-through is displayed.   

1. Introduction 

Over the past decades, Vanadium Redox Flow Batteries (VRFBs) have 
gained considerable attention as the implementation of renewable en
ergies into the grid demands the availability of peak-shaving technolo
gies, such as large-scale batteries to ensure the stability of the grid [1]. 

One particular advantage of an RFB is the decoupling of energy capacity 
and power density. The amount of stored energy is based on the size of 
the tanks, whereas the power density depends on the active area of the 
battery stack [2,3]. 

The redox reactions, which convert energy inside the VRFB, take 
place on the surface of a porous carbon electrode, through which the 
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electrolyte is pumped or transported by diffusion, depending on the flow 
field design [4]. Flow-through operation means that the electrolyte is 
forced through the porous electrode by disconnected or absent flow 
channels, whereas flow-by operation implies connected flow channels. 
In flow-by mode, the electrolyte transport into the electrode happens 
mostly due to diffusion. Thus, the wettability of the carbon electrode is 
critical to the performance of the battery, as it determines the electro
chemically active surface area (ECSA) [5,6]. Visualizing the flow 
behavior inside the porous electrodes is vital to understand the loss 
mechanisms and to optimize the performance [7]. While a larger ECSA 
allows a higher reaction rate, optimizing the mass transport ensures that 
the reactants are transported to the reaction sites quickly. This simul
taneously decreases the pumping losses of the battery, increasing the 
overall efficiency of the system [8–11]. 

Optically transparent cells can be employed to visualize the flow on 
the surface of the porous electrode and track the reaction by redox- 
active fluorescence of trace molecules via Ultraviolet–Visible light 
(UV–Vis) spectroscopy in a two dimensional way [12]. A 
three-dimensional approach using photons which cannot penetrate the 
electrode requires a complicated cell design, favoring methods with 
photons able to pass through an enclosed cell. X-rays and neutron beams 
are able to visualize an enclosed cell, resolve the structure of the porous 
electrodes, and trace the flow inside the pore space using neutron or 
X-ray radiography and tomography. However, tracking the reaction 
locally is difficult with these methods, as they are unable to locally 
distinguish between reaction educts and products. Three-dimensional 
techniques enable an insight into the fluid dynamics and the mass 
transport of the reactants inside the opaque electrodes from the supply 
channels to the electrochemically active sites and can resolve re
strictions in liquid movement inside the porous carbon felts. The flow 
behavior of the electrolyte inside the porous electrode is closely related 
to the liquid water transport in a polymer electrolyte membrane fuel cell 
(PEMFC), thus parallels can be drawn between the experimental 
approach in this field and in the field of VRFBs. Flow behavior of 
PEMFCs has already been studied by various groups using neutron [13, 
14] and X-ray based [15–22] techniques and to complement the visu
alization of the flow behavior, multiple modeling approaches have been 
performed in recent years [23–25]. They offer a well-suited approach to 
the study of redox flow batteries, especially regarding the validity of 
these methods [26,27]. 

Trogadas et al. recently highlighted the importance of X-ray to
mography, especially in combination with X-ray photoelectron spec
troscopy (XPS), when examining the degradation processes in the VRFB 
electrode [28]. They revealed fiber agglomeration and carbon oxidation 
using reconstructed 3D X-ray micro tomography images and XPS. Jervis 
et al. applied X-ray computed tomography to investigate the influence of 
compression on the structure of commercially available carbon felt 
electrodes with respect to fiber-fiber contact, porosity changes 
throughout the electrode, and the tortuosity of the carbon felt. They 
report a non-uniform porosity profile under compression with a lower 
porosity at the compressing sides [21]. Greco et al. investigated porous 
carbon electrodes, which were pretreated at different temperatures and 
applied X-ray tomography to investigate the influence of the activation 
temperature on the structure and changes in wettability of the electrode 
[5]. They found opposing trends, as the ECSA decreases with increasing 
thermal activation temperature, which has a negative effect on the 
performance of the cell. However, the higher surface oxygen content is 
beneficial to the wetting properties of the electrodes. They conclude an 
optimum activation temperature at 475 �C. Eifert et al. present a 
detailed XPS study of the surface structure of a carbon felt electrode and 
conclude that the surface oxygen content decreases from 24% to 19% 
and that the nature of the carbon-oxygen bond shifts toward single bond 
during thermal pre-treatment [29]. Tariq et al. applied X-ray tomogra
phy to discern the wetting behavior of electrolyte inside a previously dry 
carbon paper and found that a strong anisotropy of fibers leads to an 
uneven progression front in the form of preferred liquid pathways along 

the electrode fibers, leaving large pore spaces dry even under pressur
ized flow, which might accelerate the local degradation [22]. Further, 
neutron-based radiography has been performed on VRFBs by J. T. 
Clement, who applied this technique to locally investigate the perfor
mance and the mass transport limitation of various electrode materials 
and to visualize gas evolution [30]. 

Additionally, the pressure drop in a redox flow battery is a useful 
parameter to determine the overall efficiency of a system, as it is a direct 
measure of one part of the parasitic pumping losses. A lower pressure 
drop leads to lower pumping losses, which decreases the ancillary losses 
of the stack [31,32]. The influence of several parameters on the pressure 
drop was studied by various groups [10,33–37]. Xu et al. compared 
redox flow batteries with and without a flow field and showed that the 
pressure drop at lower flow rates is lower in the presence of an engi
neered flow field [10]. They further presented a detailed modeling study 
about the State of Charge (SoC) dependent dynamic viscosity change of 
the electrolytes in both half-cells and modeled a decreasing pressure 
drop for an increasing SoC [37]. Latha et al. present data on the tem
perature dependence of the pressure drop and show that the pressure 
drop decreases at higher temperatures due to a lower electrolyte vis
cosity [38] and together with Reed et al., they conclude that the inter
digitated flow field design is beneficial for a flow-through system [34]. 
Houser et al. presented an extensive evaluation of the influence of the 
flow field architecture on the performance, the pumping loss, and the 
overall efficiency of the flow battery. They found that high-performance 
systems can be designed in a way to minimize the pumping loss so that it 
is not the major loss mechanism, even while operating at high current 
densities. However, the flow field design itself is the major factor in the 
pressure drop [33]. Pressure drop data can be measured with a high 
degree of accuracy and precision and can be a useful tool for diagnostics 
[33,39,40]. However, the root cause of an increased pressure drop can 
be investigated via other means to be correlated to the flow behavior of 
the electrolyte inside the porous electrode. 

This study aims to find beneficial effects on the saturation of a VRFB 
electrode by visualizing electrolyte wetting and quantifying saturation 
and pressure drop via injection of vanadium electrolytes species in 
different oxidation states into porous carbon electrodes with varying 
compression. Three-dimensional and two-dimensional X-ray based 
visualization techniques were performed to investigate the impact of 
thermal pre-treatment of carbon felt electrodes on the wetting behavior, 
the saturation, and the changes of the ECSA inside the porous electrode. 
The influence of compression and the electrolyte vanadium species on 
the initial wetting behavior, the saturation, and the pressure drop was 
analyzed and a parametric approach was performed to identify the 
impact of each effect. Both, quantitative and qualitative data are pre
sented to highlight the effect of each parameter and for each test series, 
one quintessential set of results is presented, where similar effects were 
observed in a whole set of experiments. 

2. Experimental 

To investigate the effect of thermal activation (400 �C, 25 h), 
deionized water and 2 M sulfuric acid were injected into pristine and 
pre-treated carbon felt electrodes. A syringe pump was used to control 
the flow rate. Further, each vanadium electrolyte species (V(IV), V(V), V 
(II), V(III), all 0.1 M in 2 M H2SO4; the Roman numeral in brackets sig
nifies the oxidation number of the vanadium species) was injected into 
dry activated carbon felt electrodes under different levels of compres
sion (25%, 50%, and 70% reduction in thickness). After the initial in
jection at 15 μl min� 1, a continuous flow at 30 μl min� 1 was simulated 
for 300 s. Liquid movement in the sample was recorded via X-ray radi
ography, steady states were captured by X-ray tomography. Throughout 
the whole procedure, the flow pressure at the inlet was measured. This 
way, pressure data and saturation values after the imbibition and after 
continuous flow-through of the electrolyte were obtained for each 
combination of electrolyte species and compression ratio. The 
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experiments were performed at two separate synchrotron beamlines, the 
Canadian Light Source (CLS, Saskatoon, Canada) and the Karlsruhe 
Research Accelerator (KARA, Karlsruhe, Germany). 

2.1. Injection and saturation experiments 

To investigate the invasion behavior of the electrolyte, and the 
saturation during flow-through conditions, an injection device devel
oped in-house was employed. The device is shown and explained in 
greater detail in earlier work, and it is constructed with a 0.45 mm flow 
channel on top of the sample chamber, which is functioning as an outlet 
[26]. Commercially available carbon felts (SIGRACELL® GFA 6 EA) 
from SGL Carbon (Meitingen, Germany) were thermally activated by 
preparing them in an oven under an air atmosphere at 400 �C for 25 h. 
This method introduces functional surface groups on the carbon fibers 
and increases the wettability of the carbon felt [29,41]. The verification 
of the change in wettability was achieved by injecting liquid into 
non-activated samples for comparison, as described in Section 3.1. The 
carbon felts were cut into a cylindrical shape with a diameter of 3 mm 
and mounted in the sample holder specifically designed for X-ray radi
ography and X-ray tomography experiments. A sketch of the sample 
holder is shown in Fig. 1 a). A syringe pump (Harvard Apparatus Model 
‘11’ plus) was connected to the electrolyte flow pipe on the stainless 
steel base of the sample holder to control the flow. The compression can 
be controlled by stacking stainless steel washers and incompressible 
polyethylene naphthalate (PEN) sheets (thickness verified by micro
meter). The outer shell (dark gray) can be lifted independently from the 
inner shaft (light gray), which contains the electrolyte flow pipe. This 
way, the distance of the thin top part of the inner shaft to the screw-in 
top part equals the height of the stacked washers and PEN sheets and 
the desired compression can be variably chosen. The lowest compression 
was set to be a reduction of 25% in thickness compared to the thickness 
of the uncompressed felt, as it ensures a proper fit of the felt inside the 
sample holder without encouraging liquid flow around the sample in 

contact with the walls of the sample holder. A compression of at least 
25% is also beneficial in a cell setup, as it ensures adequate electrical 
contact of the electrode with the flow field collecting the current [21, 
42]. Further, carbon felts compressed to 50% and 70% of their original 
thickness were investigated. The diameter of the inlet hole of the in
jection device, through which the liquid is pushed into the electrode, 
amounts to 0.25 mm. A close-up of the volume containing the electrode 
sample is shown in Fig. 1 b) and highlights the electrolyte inlet and 
outlet in greater detail. The outlet is designed to simulate a flow channel 
of a bipolar plate. Fig. 1 c) shows a representative pressure curve ob
tained by live monitoring the pressure during the injection. It displays 
the sequential procedure of the experiment, beginning with the initial 
set up of the starting condition, in which the liquid was pumped into the 
sample holder until it was close to the carbon felt at a through-plane 
position of x ¼ 0.0 (A). When the liquid was between 5 and 10 mm 
away from coming in contact with the electrode, the flow was stopped to 
ensure that any residual overpressure was equilibrated and no further 
movement was detected. This process was controlled by X-ray live im
aging and pressure monitoring (A-B). Before any liquid was injected into 
the electrode itself, a tomogram of the dry sample, further referenced as 
the dry scan, was recorded. After that point, the syringe pump was 
restarted with a flow rate of 15 μl min� 1 (B). Before the imbibition, a 
pressure build-up was observed during which the liquid was touching 
the surface of the carbon felt at a through-plane position of x ¼ 0.0 (B–C) 
and the subsequent wicking of the liquid into the electrode corre
sponded with a steep pressure drop (C). At this point, the flow was 
immediately stopped and the pressure was allowed to equilibrate, which 
corresponds to the displacement of previously dry air pockets until no 
further movement in the sample is seen in the live imaging (C-D). The 
pressure build-up, the imbibition, and the first period of the equilibra
tion are recorded as a radiography image stack with a frame rate of 12.5 
(CLS) and 25.0 (KARA) frames per second (fps) for further quantitative 
analysis of the electrolyte invasion process. Once this steady state was 
reached, a second tomogram of the wet felt was recorded, further 

Fig. 1. a) Schematic drawing of the sample holder 
with special emphasis on the method of compres
sion. The outer shell (dark gray) can be lifted inde
pendently from the inner shaft (light gray), which 
contains the electrolyte flow path, thus managing a 
controlled compression. b) Close-up of the volume 
containing the carbon electrode visualized in the 
experiments. c) Sample pressure curve recorded 
during the injection of electrolyte into porous carbon 
fiber. A–B: Pressure equilibration. B–C: Pressure 
build-up before imbibition (Point C) at 15 μl min� 1. 
C–D: Pressure equilibration before flow-through. 
D–E: Flow-through at 30 μl min� 1.   
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referenced as the wet scan. After the second tomography scan, 
flow-through conditions were simulated by setting the flow to 
30 μl min� 1 (D) for an additional 300 s (D-E), which was recorded via 
radiography. Another relaxation period was allowed and finally, the 
third tomogram was recorded to analyze the difference between the 
wetting before and after simulating flow-through conditions. After each 
completed injection experiment, the sample holder was dried off 
completely using compressed air and the sample was replaced, even 
when only switching to a higher compression ratio. This was done to 
ensure a completely dry starting point for each experiment and to 
eliminate hysteresis within the drainage and imbibition process. 

2.2. Technical data of the synchrotron X-ray imaging 

This work contains the results from two synchrotron facilities. Water 
and sulfuric acid were used as the invading electrolytes and the effect of 
carbon felt activation on the pressure drop and the saturation was 
investigated at CLS. Radiograms and tomograms were obtained at the 
Biomedical Imaging and Therapy Bending Magnet (BMIT-ID) 05ID-2 
beamline at the Canadian Light Source Inc [43]. Radiograms were ob
tained at 12.5 fps and 80 m s exposure time at an effective pixel size of 
6.5 � 6.5 μm. The beam energy was 30 keV at a current ranging between 
150 mA and 220 mA. The transmitting photon flux was captured by a 
10 μm thick Gadox scintillator screen coupled with a CMOS camera 
(OCAR-Flash 4.0, Hamamatsu Photonics, Shizuoka, Japan). Tomograms 
were recorded by taking dark and flat field images prior to each scan and 
then rotating the sample 180� around its vertical axis, taking 1250 im
ages, one image every 0.14�. These images were subsequently recon
structed using the software NRecon (Bruker Corporation, USA) and 
converted into a three-dimensional grayscale image stack. After the data 
analysis was completed, thresholds were applied to omit noise in the 3D 
images and the contrast was enhanced to discern the multiple phases 
using the open-source imaging tool package FIJI® (based on ImageJ). 
The region around the sample resulted in bright artifacts when the 
background image was factored in. These bright spots were removed 
with the standard black and white threshold method in FIJI. Greyscale 
values greater than or equal to 254 were omitted, as this value did solely 
include the noise around the sample and did not affect the injected liquid 
inside the pore space. The FIJI auto-contrast feature was subsequently 
applied to enhance the visibility of the liquid distribution. The 
auto-contrast function was used to cut off greyscale values below 17 to 
improve the contrast between different thicknesses of the liquid column 
and to highlight the shape of the liquid distribution. 

The compression study and the investigation of the wetting behavior 
of different electrolytes have been accomplished at the Topo-Tomo 
beamline (KARA). The mean energy of the polychromatic beam was 
13.5 keV, the frame rate for radiography was 25 fps and the effective 
pixel size was 2.4 � 2.4 μm. A beam current greater than 70 mA was 
obtained throughout the whole imaging duration. The employed de
tector was a LuAg:Ce scintillator. Before every tomography, dark and 
flat field images were recorded and the resulting radiograms were cor
rected accordingly before reconstruction. Each tomogram entails 3000 
single radiograms recorded while rotating the sample for 180�, corre
sponding to one snapshot every 0.06�. 

2.3. Image analysis 

The radiography images were analyzed with the Beer-Lambert law, 
similar to the work of Ge et al. [44]. This mathematical expression can 
be used to extract the local water thickness from an X-ray radiography 
image [17,45]. Applying the law to the radiograms obtained during the 
injection and flow-through experiments allows the quantitative analysis 
of the saturation inside the redox flow battery felts. As described by Ge 
et al., the Beer-Lambert law can be rearranged to give the local water 
thickness, as seen in Equation (1), where dw is the water thickness, Idry 
and Iwet are the respective local pixel intensities and μw is the X-ray 

attenuation coefficient of the electrolyte [17], extracted from the NIST 
database [45]. 

dw ¼

ln
�

Idry
Iwet

�

μw
(1) 

The Beer-Lambert law entails the assumption of a constant attenu
ation loss of the electrolyte and assumes a constant beam intensity 
throughout the whole experiment, as the attenuation is a function of the 
beam intensity. Extracting the local electrolyte thickness requires a dry 
reference image taken beforehand, which acts as the background. Tak
ing a new background correction scan at the start of each scan allows the 
negligence of the decreasing synchrotron ring current over time. For 
radiography, the first 50 images before the electrolyte invasion are 
averaged to obtain a dry background image without electrolyte, by 
which the radiograms are divided to provide their local pixel intensities 
in the Beer-Lambert law. The radiography image stack is then analyzed 
using a python code written in-house, which applied the Beer-Lambert 
law to each pixel and yields their local thickness in the direction of 
the beam path. The saturation is calculated for five averaged slices 
(0.2 s) at the end of the pressure equilibration period when a steady state 
is reached and no changes in the image were observed anymore. In the 
case of the experiments at the white (polychromatic) beam at KARA, the 
water thickness was extracted relative to the background scan and then 
compared to a fully saturated image in order to determine the local 
thickness. 

In the case of a tomography scan, the 3D image stack of the dry scan 
was used as the reference background. As there is no quantitative 
analysis of the tomograms, the background was subtracted to enhance 
the visibility of the features of the electrolyte column. The wet scan was 
subtracted from the tomogram after flow-through to highlight the 
qualitative differences of the liquid distribution within the pore space of 
the electrode before and after flow-through, with special emphasis on 
the air pocket displacement. 

2.4. Preparation of the electrolytes 

Vanadium (IV) electrolytes were freshly prepared by dissolving 
0.1 M VOSO4 (VOSO4⋅5H2O, chemically pure, GfE, Nuremberg, Ger
many) in 2 M H2SO4 (Suprapur, Merck, Darmstadt, Germany). To pro
duce the vanadium (V) and vanadium (III) electrolytes, a VRFB in a 
redox flow test system (Scribner 857 test stand, Scribner Associates, 
North Carolina, USA) filled with vanadium (IV) electrolyte was charged 
until a charging current under 2 mA cm� 2 was reached. After 
exchanging the vanadium (V) electrolyte in the charged VRFB with fresh 
vanadium (IV) electrolyte and subsequent re-charging, thereby the va
nadium (II) electrolyte was obtained. The electrolytes were bottled, 
stored, and transported under argon atmosphere until they were inser
ted into the syringe right before the experiment. 

3. Results and discussion 

3.1. Effect of thermal carbon felt activation 

The injection experiments were conducted with water and 2 M sul
furic acid on pristine and thermally activated electrodes to investigate 
the influence on the wettability and the pressure drop. The results show 
a significant difference in the liquid distribution inside the felt. In case of 
the non-activated carbon felt, the liquid preferentially moved along the 
walls of the sample holder rather than invading the hydrophobic pore 
space (Fig. 2 a) and c)). This is also apparent in the saturation numbers 
(Fig. 2 e)), which reach 12.0% (H2O) and 33.5% (H2SO4) after wicking 
and 23.2% (H2O) and 34.2% (H2SO4) after flow-through at 30 μl min� 1 

for the non-activated sample, shown in Fig. 2 a) and c). In case of the 
thermally activated sample, the saturation amounts to 80.2% (H2O) and 
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72.8% (H2SO4) after wicking and 85.9% (H2O) and 77.8% (H2SO4) after 
flow-through. The results show that after activation, the saturation in
creases by 200%–600%. This emphasizes the importance of activation of 
the carbon electrodes in VRFBs, as the introduced surface end groups 
and the oxygen content [5,29] largely increase the wettability and thus 
increase the ECSA available for the reaction. The effect of carbon com
bustion during an activation at 400 �C is largely outweighed by the 
introduction of surface groups on the carbon fibers, as described by 
Greco et al. [5]. Further, the recorded pressure drop is shown in Table 1. 
In case of the non-activated carbon felt, the liquid has to overcome a 
larger initial pressure before invading the felt or flowing around the 
electrode along the walls of the sample holder. The pressure drop de
creases by a factor greater than two when employing an activated felt, 
thus reducing parasitic pumping losses significantly. 

3.2. Injection characteristics and flow behavior 

Five snapshots of injection experiments into an activated carbon felt 
at compression ratios of 25%, 50%, and 70% are shown in Fig. 3. The 
selected experiments are conducted with a V(IV) electrolyte, which 
shows the same qualitative characteristics as the other investigated 
electrolyte species. The imbibition is a quick process, taking less than 2 s 
in case of 25% compression and less than 1 s in case of 50% and 70% 
compression until the liquid reached the top of the sample and the 

increase of the saturation slows down. The fast imbibition is due to the 
hydrophilic nature of the thermally pretreated felt electrode which 
wicks the electrolyte into the material as soon as the initial overpressure 
is reached and the liquid enters the pore space. 

Throughout the whole injection at 25% and 50% compression, the 
phenomenon of capillary fingering above the invading electrolyte front 
can be observed, leading to the conclusion that capillary forces are 
dominating inside the electrode. Capillary fingering is observed in a 
capillary force dominated flow regimes when a favorable pathway for 
the invading liquid can be established. This pathway typically exhibits 
larger pores compared to its surrounding and higher pore connectivity, 
as these pores provide a lower entry pressure, thus allowing the liquid to 
invade the pore space ahead of the invasion front. Under a compression 
of 70%, the pores larger than 100 μm–150 μm are absent [21,46] and the 
capillary fingering is less pronounced. This effect might be amplified by 
the anisotropy in the arrangement of fibers in a carbon paper, as 
observed by Tariq et al. [22]. It can be assumed that the liquid which is 
preceding the invasion front is capillary force dominated. Further, Fig. 3 
shows that at through-plane positions below 0.5 (bottom half of the 
sample) the saturation locally falls below 20%, presumably due to a 
shielding effect, as described by Jervis et al. [21]. They suggest a 
shielding effect, in which pore spaces of pores larger than the mean pore 
diameter of the carbon felt are inaccessible due to smaller surrounding 
pores with a high entry pressure. However, after the liquid was wicked 
into the porous electrode and the flow was switched off, the residual 
overpressure was large enough to overcome the shielding effect, 
invading the low porosity region. 

The evolution of the saturation over time along with the through- 
plane position (from the injection face on the bottom (through-plane 
position x ¼ 0.0) to the top of the felt (through-plane position x ¼ 1.0)) is 
quantitatively highlighted in Fig. 4. Fig. 4 a) shows the imbibition at a 
compression of 25%, during which the felt initially saturates by wicking 

Fig. 2. Radiograms after initial imbibition of non-activated (a,c) and activated (b,d) carbon felt electrodes with H2O (a,b) and H2SO4 (c,d) after the initial wetting. 
Light regions show liquid in the pore space. The brightness of the pixels corresponds to the thickness of the liquid in the beam path at that location. e) Corresponding 
saturation values of the entire porous electrode. The abbreviation act stands for thermally activated, non-act stands for not thermally activated. 

Table 1 
Comparison of the pressure drop inside thermally activated and pristine samples 
for injections with H2O and H2SO4.   

Activated sample Non-activated sample 

Pressure drop/mbar (H2O) 14.5 28.9 
Pressure drop/mbar (H2SO4) 12.9 32.1  
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the electrolyte. The steep vertical decrease in the lines represents the 
invasion front. As the lines are temporally equidistant, the horizontal 
separation of the lines shows the flow velocity of the liquid at any given 
time. Higher proximity of the steep decrease of the lines signifies a 
slower the movement of the invasion front. Thus, the imbibition slows 
down with time before it reaches a steady state. This is in agreement 
with the modeled predictions of Banerjee et al., which showed that with 
increasing saturation, the available wicking pressure decreases, which 
would result in a decreased rate of imbibition [46]. Further, it is 

apparent that at high through-plane positions x > 0.95, some regions are 
not wetted, leading to a local decrease in saturation to less than 60%. 
Even during the pressure equilibration after the pressure drop, these 
regions do not saturate, as the liquid preferentially exits the pore space 
into the flow channel on top of the sample. Fig. 4 b) shows the saturation 
curves during the flow-through experiment. The graph describing the 
saturation at 0 s in Fig. 4 b) is similar to the graph at 1.8 s in Fig. 4 a), 
even though it represents the saturation after the pressure relaxation 
period. The similarity of these curves shows that the saturation did not 

Fig. 3. Selected radiograms during wicking of electrolyte with respective time frames given in the time scale below each image. Each row represents one 
compression ratio shown in the top left. The images were obtained after background subtraction and contrast enhancement. 

Fig. 4. a) Temporally equidistant saturation curves 
plotted over through-plane position (from x ¼ 0.0: 
injection hole to x ¼ 1.0: top of felt facing flow 
channel outlet) over time during initial imbibition. 
After 1.80 s, the breakthrough was observed and the 
flow was stopped. b) Saturation curves over the 
through-plane position during continuous flow- 
through operation at 30 μl min� 1. The solid lines 
show the saturation curves after a given time of flow- 
through operation. The solid line labeled Flow 
time ¼ 0 s represents the initial saturation profile at 
the start of flow-through. The dashed lines show the 
differential increase of saturation with respect to the 
solid line (Flow time ¼ 0 s) after a given time of flow- 
through operation (Difference/s). The difference re
fers to the local increase of saturation at a given 
through-plane position, x, the time in seconds in
dicates how much time of flow-through operation 
has passed. c) Saturation curves plotted similar to a), 
under 50% compression of the carbon felt electrode. 
d) Saturation curves plotted similar to a) and c), 
under 70% compression. The filling of shielded pores 
is visible at through-plane positions between 
0.1 < x < 0.3.   
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change significantly during the pressure equilibration. Fig. 4 b) high
lights that after 100 s of flow-through at 30 μl min� 1, the saturation 
decrease at high through-plane positions is absent and that the satura
tion is greater than 70% for through-plane positions x > 0.95, implying 
that the pressure in the liquid column exceeds the capillary pressure of 
these pore spaces, saturating them before the pressure can be equili
brated by forcing the liquid out on top of the sample into the channel. 
Until 250 s into the flow-through operation, the saturation increases, 
steadily saturating more pores. However, in the last 50 s, there is a net 
decrease in saturation of through-plane positions x > 0.6. This can be 
explained by a droplet of electrolyte coming in contact with the hy
drophilic wall of the flow channel on top of the sample, which draws out 
the liquid and pushes the remaining air from above the electrode inside 
the flow channel into the pores. The bottom half of the sample is not 
affected by this effect, as the saturation curves do not change notably in 
that region. Fig. 4 c) shows the imbibition at a compression of 50%. 
Similar to Fig. 4 a), the movement of the bulk of the electrolyte slows 
down with time and a steep decrease in saturation at high through-plane 
positions is visible. However, the decrease to 60% local saturation and 
below occurs at through-plane positions of x > 0.98, which is higher 
than for 25% compression. Fig. 4 d) describes the imbibition of an 
electrode compressed to 70%. A local minimum occurring at 
through-plane positions between 0.1 > x > 0.3 highlights the afore
mentioned shielding effect and it can be seen that the affected volume is 
saturated by the residual overpressure over time. After less than 1 s, the 
minimum is absent. 

3.3. Influence of compression and vanadium species on the flow-through 
pressure drop 

Fig. 5 shows that increasing the compression ratio from 25% to 70%, 
the pressure drop at flow-through conditions increases by 401.2%. 
Raising the compression from 25% to 50% affects the flow-through 
pressure less (average pressure increases by 87.2%) than raising the 
compression from 50% to 70% (average pressure increase by 214.3%), 
as, in accordance with Banerjee et al., the number of pores larger than the 
mean pore size decreases rapidly with higher compression [24]. The re
sults shown in Fig. 5 conclude, that at 50% compression, pores larger than 
the mean pore diameter are still available to establish a stable 
flow-through at 30 μl min� 1 while maintaining a lower pressure drop. 
However, at a compression ratio of 70%, the pores larger than 150 μm are 
absent, as they collapse first and the liquid pathway has to include 
smaller pores compared to the uncompressed sample, thus increasing the 

pressure drop significantly. The pressure increase was less dominant on 
the V(II) and the V(V) electrolyte. This observation can be explained by a 
lower dynamic viscosity of the V(II) and the V(V) electrolyte species, as 
described by Xu et al., who calculated a decreasing dynamic viscosity for 
an increasing SoC in a VRFB, which results in a lower pressure drop for V 
(II) and V(V) electrolyte species [37]. However, a strong dependence of 
the pressure on the volume immediately surrounding the inlet hole 
cannot be excluded in this setup. Poor connectivity of pores and small 
pore diameters below 25 μm in the vicinity of the inlet will increase the 
pressure, which might dominate the influence of the electrolyte species 
on the pressure drop, especially as the porosity is lower in the region 
closest to the compressive element of the sample holder, as reported by 
Jervis et al. [21]. As described earlier, modeled mercury intrusion 
porosimetry experiments by Jervis et al. suggest a high number of 
shielded pores inside the unevenly compressed carbon felts [21]. Thus, 
the increased wettability of V(II) and V(V) is detrimental in overcoming 
local porosity differences and decreasing the pressure drop. 

3.4. Influence of compression and vanadium species on the saturation 

The influence of compression on the saturation of different vanadium 
species inside the electrolyte is presented in Fig. 6. Increasing the 
compression ratio from 25% to 50% does not affect the saturation, 
whereas a compression ratio of 70% decreases the average saturation by 
11.2% (compared to 25% compression). The oxidation number of the 
vanadium species plays a minor role in the saturation of the electrode. 
The average deviation from the medium saturation amounts to 3.0% at a 
compression ratio of 25%, 2.0% at a compression ratio of 50%, and 4.7% 
at 70% compression. The fine difference between the vanadium species 

Fig. 5. Injection pressure at 30 μl min� 1 flow-through conditions for different 
electrolyte species at given levels of compression, as denoted by the x-axis tick 
labeling. The respective vanadium species is shown above the bars. In addition, 
the bar color indicates the various vanadium species. 

Fig. 6. a) Saturation values after the initial imbibition at 15 μl min� 1 for each 
level of compression and each respective electrolyte species. In addition to the 
x-axis tick labels, the bar color indicates the various vanadium species. b) The 
difference in saturation before and after 300 s flow-through at 30 μl min� 1 *No 
information about saturation after flow-through for V(III) electrolyte due to 
technical difficulties at the synchrotron. 
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is not showing a discernible trend in the final saturation. Even at the 
highest compression, the flow behavior is affected more strongly by the 
surface properties and the structure of the electrode rather than the 
wetting properties of the vanadium species in the electrolyte. At each 
compression level, V(III) shows the highest saturation inside the carbon 
felt, as seen in Fig. 6 a). However, this difference still plays a minor role 
compared to the overall effect of compression. Similar results are found 
in case of the flow-through saturation at 30 μl min� 1 in Fig. 6 b). Fig. 6 b) 
does not contain flow-through values for V(III) (see figure description). 
The average increase of the saturation after flow-through with 
30 μl min� 1 amounts to 2.2% (varies between negative 1.3% and 6.9%). 
This minor difference further emphasizes the critical importance of the 
initial wetting properties of the felt, as this factor plays a major role in 
the saturation. However, the impact of the vanadium species might 
change if an electrical field is applied. 

3.5. Internal structure of the liquid pathway 

As described in Section 3.4, the saturation values of the investigated 
vanadium species do not deviate by more than 5% from the average 
electrolyte saturation, as the flow behavior is dominated by the surface 
properties and the structure of the carbon felt. Fig. 7 shows a tomo
graphic slice of each of the injected electrolytes inside the sample holder 
at a through-plane position of x ¼ 0.5. They all show similar charac
teristics, most notably the occurrence of trapped air bubbles, the cause 
of which is assumed to be the Cassie-Baxter effect, which describes the 
formation of enclosed air bubbles inside the liquid column on a rough 
surface, as previously described by Greco et al. [5]. This effect is 
observed with all investigated vanadium electrolyte species and when 
comparing the initial imbibition with the flow-through experiment, 
some of the air bubbles are displaced by liquid after flow-through, but 
the majority is persistent, as shown in Fig. 8. 

Further worth noting is the formation of new air bubbles inside the 
electrolyte column during flow-through. This process occurs at higher 

through-plane positions, where air trapped in the channel structure 
above the sample can be pushed back into the sample when a droplet of 
the wetting electrolyte touches the wall of the sample holder and gets 
wicked out of the sample, replacing the liquid of saturated pores with 
air, as explained in Section 3.2. The main reason for the increased 
saturation after flow-through is the expansion of the liquid pathway to 
accommodate the flux through the electrode, further saturating previ
ously dry pores. This result shows that not only capillary forces are 
acting during flow-through at 30 μl min� 1. These findings are in agree
ment with Tariq et al., who investigated the electrolyte distribution in a 
carbon paper-based material and claim that after a node-to-node 
transport mechanism, the electrolyte invades smaller pores around the 
initially wetted volume. They suggest that, due to an inhomogeneous 
use of the electrode, the presence of trapped air bubbles accelerates 
degradation once a current is applied [22]. Another reason for the 
increased saturation after flow-through is the contact of the liquid col
umn with the hydrophilic wall of the sample holder, as can be seen in 
Fig. 8. Once the electrolyte reaches the wall, a thorough contact is 
established and the local saturation increases along the contact area. 

Additionally, one experiment was conducted with two flow-through 
periods at 30 μl min� 1, showing that additional air pockets have been 
displaced, but the saturation only increased by an additional 1.1% in case 
of H2SO4 as the electrolyte. The persistence of trapped air bubbles prevents 
the carbon felt from reaching 100% saturation at these flow conditions. 
Longer experiments are necessary to investigate the effect of continuous 
long-term operation on the air displacement inside a carbon felt. 

4. Concluding remarks 

In this work, the wetting behavior of activated and non-activated 
carbon felts was investigated and it was observed that the introduc
tion of surface groups during thermal activation significantly facilitates 
a thorough wetting, leading to a higher saturation inside the carbon felt 
and thus to an overall higher ECSA, which should theoretically improve 
the performance of the VRFB. With sulfuric acid as the electrolyte, the 
saturation increased up to six times at a compression ratio of 25%. The 
pressure drop decreases by a factor of two in case of a thermally acti
vated felt, which decreases the ancillary pumping losses significantly 
and further highlights the importance of thermal activation of the car
bon felt electrode. 

Further, the influence of compression on the pressure drop was 
investigated. The pressure drop increases with higher compression ra
tios. The increase in the pressure drop between compression ratios of 
25% and 50% was less pronounced (87.2%) than the difference between 
50% and 70% (214.3%). 

Fig. 7. Tomograms were taken after the equilibration period after the injection 
of electrolyte into the porous electrode. The tomograms are sliced at a through- 
plane position of x ¼ 0.5, corresponding to 50% of the total height of the 
compressed electrode (25% compression). The images show the internal 
structure of the liquid column inside the carbon felt. The colors indicate the 
color of the respective vanadium species. The air pockets are represented in a 
darker tone of color. The arrows indicate a region of air or electrolyte 
as reference. 

Fig. 8. a) High contrast tomogram (V(IV) in activated carbon felt, through- 
plane position x ¼ 0.2; 1.0 mm below the flow-channel on top of the sample) 
recorded after the equilibration period subsequent to the initial wetting, 
exhibiting an air pocket circled in white. b) Image obtained by subtraction of 
the steady-state of the initial wetting (Fig. 8 a) from the image after flow- 
through. The same position is shown and the circled area highlights that the 
air pocket is now filled with electrolyte (brighter shade of gray). New, addi
tional air pockets have formed as well. 

N. Bevilacqua et al.                                                                                                                                                                                                                            



Journal of Power Sources 439 (2019) 227071

9

The analysis of the three-dimensional tomograms yielded insight into 
the internal structure of the liquid column inside the porous electrode. 
The enclosure of air pockets was observed and the displacement of a 
fraction of air pockets after flow-through has been shown. At high 
through-plane positions close to the flow channel on the opposite side of 
the injection hole, the formation of new air pockets is observed. This can 
be explained by the displacement of air from the flow channel back into 
the pores of the carbon felt when the electrolyte comes in contact with 
the hydrophilic channel on the top and emerges from the sample. 

Furthermore, the initial saturation after imbibition at 15 μl min� 1 

was compared to the saturation after flow-through at 30 μl min� 1 for 
300 s and it was found that the saturation increase averages at 2.2%. A 
second flow-through period further increased the saturation of the pore 
space by 1.1% to total saturation of 78.9%. This shows that the majority 
of trapped air bubbles in the liquid column persists and emphasizes the 
importance of the initial wettability of the carbon felt, which is directly 
linked to the surface properties. The presence of trapped air prevents the 
felt from reaching 100% saturation, which might accelerate the degra
dation due to local inhomogeneity of the electrical field. 
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Glossary 

(II), (III), (IV), (V) Oxidation numbers of vanadium (given in roman 
numerals) 

VRFB Vanadium redox flow battery 
RFB Redox flow battery 
ECSA Electrochemically active surface area 
UV-VIS Ultraviolet–visible light spectroscopy 
PEMFC Polymer electrolyte membrane fuel cell 
XPS X-ray photoelectron spectroscopy 
H2SO4 Sulfuric acid 
M Molar given in mol l� 1 

CLS Canadian Light Source 
KARA Karlsruhe Research Accelerator 
PEN Polyethylene naphthalate 
VOSO4 Vanadyl sulphate 
H2O Water 
x Through-plane position inside the carbon felt electrode 
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