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Large-scale energy storage is becoming more critical since the share of energy from renewable sources has
increased steadily in recent years. Vanadium redox flow batteries (VRFBs) are a promising candidate for such
applications. However, this technique still needs to overcome challenges to enhance battery efficiency, and
the investigation of new electrode materials is crucial in this process. In this study, we evaluate bamboo
charcoal (BC) as an electrode material for VRFBs for the first time. Bamboo is a rapidly growing renewable
carbon source and is thermally treated for use in electrochemical applications. The structure, wettability,
wetting behavior, and electrochemical performance of differently-doped BC electrodes are investigated in
detail. Scanning electron microscopy and X-ray micro- and nano-computed tomography show the
promising channel structure of BC, beneficial for the electrolyte transport through the electrode.
Additionally, synchrotron-based time-resolved X-ray radiography and micro tomography was used for an
in situ study of the electrolyte flow through the BC channels. These investigations and the dynamic vapor
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catalytic activity towards the vanadium redox reaction, whereas the N-doped BC exhibits improved
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wettability. In conclusion, BC has great potential to be a suitable and renewable VRFB electrode material.

Introduction

Large-scale energy devices are needed to store excess energy
from renewable sources to balance energy fluctuations and
ensure a stable and reliable electrical grid. The Vanadium
redox flow battery (VRFB) is a commercially available technol-
ogy that can help to achieve this goal. VRFBs consist of an
electrochemical cell connected to sizeable external electrolyte
tanks storing the energy. The electrochemical reactions for
charging and discharging the battery occur at the electro-
chemically active sites of the electrode material in the cell.
Carbon-based porous materials such as carbon felt, carbon
paper, or carbon cloth are used as electrode materials, often
fabricated from raw oil (e.g., PAN-based materials) or cellulose
(e.g., Rayon-based materials)."™ However, research groups
worldwide are exploring different materials as precursors for
carbon-based electrodes. Bio-derived materials such as bamboo
charcoal are attractive for different energy storage applications
such as microbial fuel cells,"” solar thermal energy storage
devices,” and supercapacitors.® Additionally, many research
groups are inspired by bamboo’s natural channel structure
and fabricate electrode materials with bamboo-like structures,
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which show promising behavior for the electrochemical
performance.”™?

Bamboo is a common grass-like plant that rapidly grows in
the Asia-Pacific region.™ This natural functionally hierarchical
material consists of parenchyma cells and vascular bundles,
part of the plant’s water transport system.">*® The peculiar
structure of bamboo provides an efficient water transport
system with high flux, allowing the plant to grow rapidly.'’
This structure was previously studied with, e.g., optical
microscopy,'>'® micro-computed tomography (u-CT),"”*® and
atomic force microscopy."™

For use in energy storage devices, bamboo is carbonized at
high temperatures. During this thermal treatment, the char-
acteristic porous structure of the bamboo is preserved, and the
obtained Bamboo Charcoal (BC) has a high electrical
conductivity.” Due to bamboo’s high abundance and fast
growth, BC is a cheap bio-derived material. It can be used as BC
tubes®*” or ground to BC powder’® to prepare an electrode.

Electrodes for VRFBs must have a structure enabling an easy
electrolyte transport to avoid pumping losses and ensure that
the active species in the electrolyte reach the reaction sites of
the electrode material. The porous, channel-like structure of BC
might be potentially suitable for electrolyte transport through
the electrode. Nevertheless, to our knowledge, there are no
reports about using BC tubes as VRFB electrodes.

Herein, we report on fabricating and testing BC tube-based
electrodes for VRFBs. The first part of the work is devoted to the

a)

Material synthesis

Raw bamboo Carbonization

Undoped BC

b) Electrode fabrication

Fig. 1
electrochemical measurements.
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investigation of the material structure on different length scales
by using laboratory source based micro- and nano-X-ray com-
puted tomography (u-CT, nano-CT), and scanning electron
microscopy (SEM). The second part describes an in situ study
of the dynamics of the electrolyte flow in the electrode by
employing synchrotron radiography and tomography. Here,
the high flux and partial coherence of synchrotron beam
allow to visualize the electrolyte permeation and distribution
within the electrode BC channels with a high time resolution.
Additionally, since the material’s surface needs to be suffi-
ciently wetted to utilize the electrochemically active sites, the
wettability of the material was investigated via dynamic vapor
sorption (DVS) measurements. Last, the electrochemical per-
formance of undoped and N-doped BC tubes was characterized
using electrochemical impedance spectroscopy (EIS) combined
with the distribution of relaxation times (DRT) analysis and
cyclic Voltammetry (CV).

Experimental

Materials and electrolyte preparation

Vanadium(wv) electrolyte (0.1 M VOSO, in 2 M H,SO,) was
prepared by dissolving VOSO, (vanadyl sulfate hydrate, 99.9%
metal basis, Thermo Fisher Scientific) in diluted H,SO, (diluted
from concentrated sulfuric acid, 96%, Suprapurf@, Merck with
ultrapure water (18.2 MQ cm)). This electrolyte was used for the

Functionalization

Activation

N-doped BC

Grinding

=

(a) Preparation process of undoped and N-doped bamboo charcoal (BC) starting from raw bamboo and (b) scheme of electrode fabrication for
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electrochemical measurements with the positive half-cell setup
and for the synchrotron X-ray imaging experiments.

The bamboo charcoal pieces were prepared from phyllosta-
chys pubescens, harvested in the Sichuan province (China). The
preparation process from raw bamboo to small pieces of
bamboo charcoal is depicted in Fig. 1 and has already been
established for BC used in different energy applications.*””’
Bamboo pieces were cut from the plants, washed with deionized
water, and dried in an oven (WGL-125B, TAISITE Instrument) at
80 °C. Subsequently, the bamboo pieces were carbonized in a
tubular furnace (JQF1100-30, Tianjin Zhonghuan Lab Furnace
Co., Ltd) in a nitrogen atmosphere at 1000 °C for 2 h. These BC
samples are referred to as undoped BC in the following. An
activation step and a functionalization step were performed for
the doped sample afterward. During activation, the BC was
soaked in a 50 wt% KOH aqueous solution (Guangdong Guan-
ghua Sci-Tech Co., Ltd) for 12 h and thermally treated in a
nitrogen atmosphere at 800 °C for 2 h. For the functionalization,
these samples were further soaked in saturated (NH,);PO, (98%,
Tianjin Guangfu Fine Chemical Research Institute) solution for
12 h and thermally treated in a nitrogen atmosphere at 900 °C
for 2 h. These final BC samples are called N-doped BC.

A detailed analysis including X-ray photoelectron spectro-
scopy, elemental analysis, and X-ray diffraction spectroscopy of
the undoped BC and N-doped BC samples can be found here.*?

For implementing the BC in the flow cell (detailed descrip-
tion in the next section), small pieces of 1.0 cm x 1.0 cm are
required. The BC tubes were cut into pieces with a jigsaw and
ground with sandpaper to achieve the desired size.

Imaging methods for analyzing the morphology of BC
electrodes and the electrolyte flow

The BC’s structure was visualized using SEM, p-CT, and nano-
CT. In detail, the SEM measurements were conducted with a
LEO 1550 VP (Carl Zeiss AG, InLens detector, 3 keV acceleration
voltage). The p-CT measurement was performed with an Xradia
510 Versa X-ray microscope (Carl Zeiss AG). A resolution of
1 um was achieved, and the software Dragonfly*® was used to
analyze the data. A median filter was used for the data treat-
ment, and the built-in deep learning tools were employed to
quickly and accurately segment the images.

A small sample scraped from an undoped BC tube was glued
on a needle and scanned using the lab-based nano-CT Xradia
810 Ultra (Carl Zeiss AG).>" This system operates with a quasi-
monochromatic X-ray beam from a Cr anode (energy of 5.4 keV)
and a sequence of optics to obtain a pixel size of 64 nm within a
field of view of 65 um for the presented measurement. The
sample was scanned using the Zernike phase contrast mode,
acquiring 701 projections in 180° rotation with an acquisition
time of 140 s per projection. The 3D data reconstruction was
performed with Zeiss’ proprietary software ‘Scout and Scan
Reconstructor’, based on a filtered back projection algorithm.
For the 2D and 3D visualization, we employed the software
Dragonfly.”® A median filter was used for the data treatment,
and the built-in deep learning tools were used to quickly and
accurately segment the images.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Measurement setup for injection experiments with a synchrotron
X-ray beam.

For the synchrotron-based in situ imaging measurements a
dedicated experimental set-up was developed, detailed in Fig. 2.
In particular, the bamboo charcoal tube was cut into a roughly
3 cm long piece and the large hole in the tube’s center was filled
with silicone construction foam to ensure that the electrolyte
invades the channels of the bamboo charcoal. After hardening
the foam, the filled bamboo charcoal piece was put into a heat
shrink tubing with two tubing pieces placed on the top and the
bottom. A small gap between the bamboo charcoal tube and
the tubing pieces ensures that the tubing does not block the
channel structure of the bamboo. The heat shrink tubing was
shrunk with a heat gun and subsequently put in an oven to
ensure it was fully contracted and no electrolyte could pass
between the heat shrink tubing and the bamboo charcoal tube.

A vanadium electrolyte with 0.1 M V() in 2 M H,SO, was
used to study the injection and flow through behavior of the
electrolyte. The electrolyte was injected with a flow velocity of
1 mL min~" into the bamboo charcoal tube using a syringe
pump (LA-100, LANDGRAF LABORSYSTEME HLL).

All synchrotron measurements were performed with a white
beam delivered from a superconducting wiggler located at the
IMAGE beamline of the KIT Light Source. Filtered with 6 mm
pyrolytic graphite, the spectrum results in a photon flux density
of 2.7 x 10" ph s™' mm 2 at the sample position and a wide
energy distribution centered at 14.5 keV. In order to exploit
both the absorption and phase contrast, the wavefield trans-
mitted through the sample was free space propagating 40 cm
from the sample exit plane to the image plane before being
detected by an X-ray detector. The detector was composed
of a scintillator-based microscope (Elya solution) with a 200 pm
LuAG:Ce scintillator (Crytur) and a Nikkor eyepiece (NIKON
85 mm f/1:1.4D, f-number = 4) providing a 3x magnification,
and coupled with a Phantom v2640 fast camera (AMETEK,
physical pixel size 13.5 pm x 13.5 um), allowing to realize a field
of view (FOV) of 9.2 mm x 8.8 mm (H x V) mm with a sufficiently
small effective pixel size of 4.5 pm. The spatial resolution limit of
the detection system is 9 um.

To follow the electrolyte invasion in the bamboo charcoal,
we recorded a cine-radiographic sequence at a frame rate of 500
frames per second (fps). Shortly before the electrolyte injection

Energy Adv., 2024, 3, 997-1008 | 999
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was triggered, the camera recording was started to ensure that
the onset of the injection process was fully captured. Tomo-
graphy scans of the dry and imbibed BC tubes were conducted
before and after the electrolyte injection by acquiring 3000
projections at 100 fps. For both the radiography and tomogra-
phy experiments also dark field and flat field images were
recorded to subtract the thermal noise from each projection
and correct the different sensitivity of the pixels to the imping-
ing light. Both absorption contrast and edge enhancement by
phase contrast were utilized to distinguish the low absorbing
electrolyte from the BC.”> The 3D tomographic reconstruction
was performed by using the tofu processing toolkit.>?

Electrochemical characterization

CV and EIS investigated the electrochemical performance of
undoped and N-doped BC. The measurements were performed
in a three-electrode setup with an in-house developed flow
cell* and an SP-300 potentiostat (BioLogic Science Instru-
ments). The BC electrodes were prepared as rectangular pieces
(1.0 em x 1.0 cm) from the BC tubes using a jigsaw and
sandpaper. The BC pieces 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 devel-
oped hydrogen reference electrode (RHE) was used as the
reference electrode (RE), and a stack of three thermally acti-
vated 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 positive-going
and negative-going scans.

EIS characterized the wettability and processes in the posi-
tive half-cell in the same setup as the CVs. The EIS measure-
ments were performed at room temperature at a flow rate of
4 mL min " in a frequency range from 100 kHz to 3.5 mHz. The
potentiostatic mode was used with a single sinusoidal excita-
tion 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 electrolyte
was continuously pumped to ensure a steady state.

The data were further analyzed using a MATLAB-based tool
called ‘DRTtools® based on the Tikhonov regularization. The
spectra fitting is based on a Gaussian function for the discre-
tization and includes the inductive data. A regularization para-
meter of E-9 was used.

DVS

DVS measurements were performed with a Q5000 Sorption
Analyzer (TA Instruments) to study the wettability of the
BC. Two different measurements were conducted for each
sample.

1000 | Energy Adv, 2024, 3, 997-1008

View Article Online

Energy Advances

For the first measurement, the sample is heated up to 60 °C
for 300 min at the beginning and end to remove water residues.
Sorption and desorption isotherms under nitrogen gas flow at
25 °C are measured between 0% and 90% relative humidity
(RH). The RH was changed stepwise by 5% and kept for 90 min
at each RH (except for 120 min at 80% and 85% RH and
180 min at 90% RH).

A second measurement protocol was applied to reach a mass
equilibrium after each sorption/desorption step. Here, the
sample was again heated up to 60 °C at the beginning and
the end of the measurement for 200 min. The measurement
itself was conducted at 25 °C. After an initial step at 0% RH for
200 min, 20%, 40%, and 60% RH was kept for 600 min during
sorption and desorption. Before heating up to 60 °C at the end
of the measurement, 0% RH was kept for 300 min.

Results and discussion

This section highlights the feasibility of using BC as a renew-
able electrode material for VRFBs. SEM and X-ray imaging
results are presented, which were applied to the “static”’ study
of the morphology of dry BC as well as to the ‘“‘dynamic”
characterization of the in situ electrolyte flow in the BC elec-
trode. Next, DVS experiments are presented to investigate the
material’s wettability in more detail. Finally, the electrochemi-
cal performance of BC was assessed by EIS and CV.

Structure

The characteristic structure of the investigated bamboo is
displayed in Fig. 3a. The structure remains intact during the
carbonization process. The top view SEM image (Fig. 3b) evi-
dences the presence of large holes, which belong to channels
leading through the whole BC tube. These channels have
diameter ranging from around 20 pm to 100 pm and are
surrounded by relatively dense parenchyma cells, which com-
prise most of the material. Cylindrical-shaped cells are also
visible in the side view as rounded rectangular structures. The
zoom-in on one of those cells reveals small holes, which
interconnect the cells and might offer additional electrolyte
pathways. Zhang et al.* investigated several BC samples using
SEM with very high resolution. They observed the connecting
holes in all samples. The pore sizes and volumes were studied
by mercury injection. The results can be found here.”

Using SEM, it is only possible to analyze the sample surface.
Therefore, we employed X-ray tomography to visualize the
internal 3D structure of BC and verify whether it is suitable
for electrolyte transport. The p-CT volume rendering results in
Fig. 3c and the video in the ESIt (Video S1) display the 3D
structure of an undoped BC tube piece. Several large straight
channels are visible, spreading through the whole material. The
straight channels have various diameters ranging from around
20 pm to 100 pm, which is in agreement with the SEM study.
Thus, the manufactured BC electrode is suitable for the elec-
trolyte uptake during the electrochemical process (see Fig. 3c).
The p-CT image supports the previous observations from the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structure of undoped BC visualized by multiple imaging methods: (a) photograph of a BC tube (also showing the view directions); (b) SEM images
conducted from different views and with different magnifications. (c) u-CT volume rendering on a micrometer scale (FOV = 2 mm, pixel size = 2 pm)
(d) nano-CT volume rendering on sub-micron scale (FOV = 64 um, pixel size = 64 nm).

SEM images that the channels are surrounded by small, dense-
packed cells, a very dense part of material directly around the
channel, and larger parenchyma cells. The reconstructed slices
of the channel structure through the whole BC volume are
documented in Video S1 (ESIt).

The SEM image in Fig. 3b (zoom-in, side view) points out the
presence of small connecting holes between the individual
parenchyma cells. Since the resolution of the p-CT is insuffi-
cient to study this feature, a small piece of bamboo was cut with
a scalpel and investigated by nano-CT, which offers a higher
spatial resolution. The nano-CT 3D volume rendering in Fig. 3d
shows the presence of channels in the BC that extend straight
through the scanned piece and a surrounding dense part with
small holes - a feature observed in the upper right of the top
view SEM image in Fig. 3b. Unfortunately, the nano-CT resolu-
tion is not high enough to study also the small connecting
holes. However, in general, the visualized 3D structure of BC
seems to be very promising for electrolyte transport owing to
the differently sized channels and holes in the material. In the
following section, the wettability of the material is investigated
via synchrotron X-ray imaging and DVS to probe the structure
for its ability to accommodate the electrolyte flow.

Wettability

This section investigates the wettability of BC. First, the syn-
chrotron X-ray imaging techniques were employed to visualize

© 2024 The Author(s). Published by the Royal Society of Chemistry

the electrolyte injection behavior into a piece of BC, followed by
a DVS study of differently treated materials. For the synchrotron
experiments, the inner hollow part of an undoped BC tube was
filled with a silicone construction foam to force the electrolyte
through the bamboo channels. In the grayscale slices in Fig. 4a,
the silicon construction foam corresponds to the bright circum-
ference section, while the reconstructed darker fraction of the
circular sector stands for the BC electrode. As described in the
Experimental section, the vanadium electrolyte was injected
from the bottom to the top of the BC piece, following the
direction of the large channels. X-ray tomograms were recorded
before and after the electrolyte injection in the BC to investigate
the dry and imbibed channels and to prove whether the channel
structure enables the electrolyte flow. The corresponding results
are displayed in Fig. 4, which presents the top view (a), the side
view (b), and the 3D renderings and segmentation of the filled
channels (c) in the tomograms conducted before (dry, left image)
and after (wet, center image) the electrolyte injection, respec-
tively. Compared to the tomogram of the dry sample, the
tomogram of the wetted BC reveals some brighter regions, thus
indicating the presence of the electrolyte. The image on the right
side displays the difference between the wet and dry image
states, depicting the electrolyte in purple to bright yellow color
scale, with yellow corresponding to larger differences. In con-
clusion, both, the top and the side views, confirm that the
electrolyte was injected in the BC channels.

Energy Adv., 2024, 3, 997-1008 | 1001
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Fig. 4 BC channel morphology and electrolyte filling: (a) 2D top and (b) side view of synchrotron X-ray tomograms conducted before (dry, left) and after
(wet, center) electrolyte injection into a BC piece and corresponding images showing the difference between both tomograms (right); (c) 3D display of
the respective tomogram (left) and the segmentation process (center; green: filled channel, red: unfilled channel) to achieve a 3D rendering of filled

channels (right).

The left and middle parts of Fig. 4c present the tomogram
and the segmentation process, displaying the empty (depicted
in red) and the filled (depicted in green) channels. Meanwhile,
the right part presents the segmented filled channels. To
quantitatively estimate the fraction of filled/unfilled channels,
we have used the difference image between the wetted and dry
material on a single 2D cut along the channel direction (see
Fig. 4c, center) to guide the classification of each channel. The
filled and unfilled channels correspond to 58.4% and 41.6%,
respectively. This proves that injecting the electrolyte in the
channel structure is possible and thus, the material’s structure
is meaningful for a flow battery.

To monitor in situ the electrolyte injection at a higher frame
rate, we recorded a cine-radiographic sequence at 500 fps. Here,
the whole bamboo structure is superimposed into a single
image, making it difficult to discriminate between empty or
filled channels. To overcome this, we performed an image
subtraction of a reference image representing the bamboo
structure at a given starting point to all the subsequent radio-
graphs measured during the electrolyte flow. More precisely,
the reference image was obtained by averaging 10 radiographic
images recorded before the electrolyte started to invade the
channels of the region being analyzed. We further applied a
Gaussian blur filter to the difference images to minimize the
image noise. The difference images resulting from the applied

1002 | Energy Adv, 2024, 3, 997-1008

post-processing allowed us to visualize the filling of the chan-
nels during the electrolyte injection.

Representative difference images are displayed in Fig. 5,
showing the channel filling process during injecting the elec-
trolyte in the undoped BC. The selected radiographs represent a
short sequence of the injection process. The bright and the
dark image values correspond to the electrolyte and the empty
BC, respectively. The direction of the electrolyte flow is bottom-
up. The first image on the left side of Fig. 5 is recorded at a time
T; and shows only a small amount of electrolyte, which started
to enter the channels within the chosen region of interest. In
the following difference images, sparsely selected from the
measured sequence, the electrolyte progressively invades the
channels from the bottom part and gradually fills the injected
channels up to the top. Here, it takes about 0.4 s for the
electrolyte to fill up the channels in the shown region of
interest. Thus, the filling process of the channels is relatively
swift with an average speed of 10 mm s~ * with up to 15 mm s~ *
in the observed region of interest. On the right side of the
image at A0.2 s after Ty, the electrolyte also invaded the
parenchyma cell structure (see the roundish, bright part on
the middle of the right edge; highlighted with an orange circle).
This region was close to the edge of the studied BC piece. The
BC was placed in a shrinking tube to force the electrolyte into
the BC, which does not have an entirely smooth structure and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Sequence of representative radiographs selected from synchrotron X-ray in situ 2D radiography experiment showing electrolyte injection in the

BC tube.

surface. Due to that, some electrolytes passed between the BC
and the shrinking tube and then invaded parts of the structure
(see the right side of the images). The local invasion of the BC
electrode edge may also explain the presence of a bright area in
the top left side of the difference image in Fig. 4a, indicating a
wet region larger than the typical BC channels.
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In conclusion, synchrotron X-ray imaging enabled us to
visualize the in situ electrolyte flow injection into the BC
material’s channel structure, demonstrating that BC has a
suitable structure that benefits electrolyte transport. Given that
synchrotron X-ray imaging cannot be employed in everyday
experiments due to the limited beamtime available and the
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Fig. 6 DVS measurements of undoped and N-doped BC applying different measurement procedures with (a) 5% RH steps up to 90% RH and (b) 20% RH

steps with longer duration up to 60% RH.
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extensive preparation efforts, we introduce DVS measurements
as an alternative method to quantify the BC wettability. How-
ever, this method can only provide information about the bulk
wettability and not into the electrolyte imbibition, flow beha-
vior, or local electrolyte distribution such as synchrotron X-ray
imaging. DVS measures the weight change of a sample during
the sorption and desorption of water vapor at defined RHs.

Here, we studied the sorption/desorption of water vapor for
undoped and N-doped BC. Two different measurement proto-
cols were used to study the samples in detail. During one
procedure, the RH increases and decreases stepwise by 5%
between 0% RH and 90% RH (Fig. 6a). The other measurement
focuses on fewer RH steps with longer duration, increasing and
decreasing the RH stepwise by 20% from 0% RH to 60% RH
(Fig. 6b).

Generally, both samples take up more water at higher RH,
with the N-doped sample adsorbing more water during both
measurements and reaching equilibrium faster. Compared to
commercial carbon felts, these samples show a significantly
higher wettability and take up several times as much water as
pristine or thermally activated carbon felts.>®*”

Fig. 6a displays the DVS measurements of undoped and N-
doped BC using the measurement protocol with 5% steps up to
90% RH. The undoped BC has a maximum weight change of
13.2 wt% at 90% RH. However, the given number does not fully
reflect the maximum amount of adsorbed water since the
sorption process for the undoped BC is relatively slow and does
not reach an equilibrium at higher RH steps. At low RH (below
20%), the sorption equilibrium is reached for the undoped BC
piece since less water is adsorbed. Contrarily, the sample takes
up a significant amount of water, from 20% RH to 70% RH.
Equilibrium is not reached here, and the weight change curve is
still very steep even after a longer waiting period at the
respective RH. Above 70% RH, no equilibrium is reached,
and the adsorption is not finished before the desorption starts.
During the desorption, an equilibrium is achieved above 50%
RH since only a low amount of water is desorbing at high RHs.
Monitoring the weight change below 50%, RH revealed signifi-
cantly decreasing weight with decreasing RH; an equilibrium is
not reached in this range again. We decided to forego sorption/
desorption isotherms of the DVS data since the equilibrium is
not reached at many RHs. However, basic information can also
be gained from the time-resolved data. The strong hysteresis,
caused by the differences in sorption and desorption behavior
of water vapor, can already be noticed in Fig. 6a. Strong
hysteresis is usually caused by strong hydrogen bond interac-
tions between water molecules and pore blocking due to
condensation within the porous structure.”®~*°

As mentioned previously, a second DVS experiment was
performed with undoped BC (Fig. 6b). Here, only a few selected
RH steps were investigated to gain more information about the
duration of the sorption and desorption processes. In general,
this measurement for undoped BC shows the same behavior. At
a low RH of 20%, the equilibrium weight is almost reached, but
at higher values of 40% RH and 60% RH, the weight changes
even after an equilibration time of 10 h. A stable weight can be
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achieved at a higher RH during desorption. Nevertheless, the
weight changes significantly at the end of the step at 20% RH.
After heating the sample to 60 °C, the starting weight is
reached, proving the full reversibility of the water sorption at
the undoped BC.

The N-doped BC shows larger weight changes during the
DVS measurements. During the procedure with several 5% RH
steps, a maximum weight change of 16.7 wt% was observed at
90% RH compared to 13.2 wt% for the undoped sample
(Fig. 6a). At low and high RH, the weight is stable at the end
of the steps. However, no equilibrium is reached in the range of
25% RH to 60% RH, and the weight changes significantly even
at the end of the step. Such strong weight changes can be
attributed to the multilayer adsorption of water molecules.
Again, we decided not to display the data as sorption/
desorption isotherms since no stable weight is reached during
some RH steps. However, the time-resolved plot demonstrates
the high reversibility of the sorption/desorption process on N-
doped BC. The starting weight was reached after the desorption
steps, proofing the full reversibility of the water vapor sorption.
Furthermore, the shape of the curve is symmetrical for the
sorption and desorption processes. Thus, the hysteresis would
be minimal, indicating a similar sample behavior during both
processes.

The second measurement protocol with fewer steps was also
used to investigate the N-doped BC. The result is displayed in
Fig. 6b. A stable weight was reached during all measurements,
indicating that the sorption and desorption processes at the
sample’s surface are faster than the undoped BC. A comparison
of the weight change at different steps also demonstrates the
high reversibility of the processes. At 0% RH, the same weight
was reached after the sorption/desorption process, and at
20% RH, only a neglectable weight change was monitored with
3.6 wt% and 3.7 wt% for the adsorption and desorption,
respectively. A slight weight difference of 0.7 wt% was observed
at 40% RH (11.1 wt% vs. 11.8 wt%), which shows that the
reversibility is worse when more water vapor is adsorbed
initially.

In summary, both samples show high wettability and rever-
sibly adsorb high amounts of water vapor. Combined with the
results from the synchrotron X-ray imaging experiments, the
DVS measurements prove that both BC samples exhibit a
promising wetting behavior and an intrinsic structure suitable
for electrolyte transport.

Electrochemical performance

In addition to the synchrotron X-ray imaging and the DVS
experiments, EIS measurements were performed to assess the
wettability using another approach. To differentiate and gain
more insights into the processes occurring in the electrode
material, we use EIS coupled with DRT analysis. 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. Our
group established this analysis tool for VRFB research, identify-
ing processes in three different frequency ranges in various
DRT spectra. The high-frequency (HF) range provides

© 2024 The Author(s). Published by the Royal Society of Chemistry
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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 information about ion transport based on
the impedance in the low-frequency (LF) range.>* DRT analysis
is also used to link the material’s wettability to its surface
morphology.>**”

We performed EIS measurements of the undoped and N-
doped BC at a potential of 1.05 V vs. RHE, which triggers the
V(1v) to V(v) reaction. The BC was cut into rectangular pieces of
1 cm® and inserted into the flow cell. As observed in the
previous section, the piece was placed in the flow direction to
ensure a flow through the channel structure. The setup is
described in detail in the Experimental section and a previous
study by Schilling et al>* It mimics the conditions in a
commercial VRFB. It enables experiments under steady-state
conditions required for reliable EIS data.

The Nyquist plots of both samples’ EIS measurements are
presented in Fig. 7a. The spectra consist of several superim-
posed semicircles and a straight line at lower frequencies.
However, it is difficult to determine the number of underlying
semicircles by eye. DRT analysis separates the individual con-
tributions of the processes to the overall impedance by deter-
mining the number of RC elements that best reflect the
data.*™*> The DRT spectra of both samples are displayed in
Fig. 7b. An overall impedance of 168 Q was determined for the
undoped BC and 96 Q for the N-doped BC. The spectra are
divided into three different frequency ranges based on previous
studies.?*?%27:3%3% Above 100 Hz, one peak was observed for
both samples, associated with the electrochemical reaction.
The peak position provides information about the rate-
determining step of the reaction. The peak of the N-doped BC
is shifted to higher frequencies than the peak of the undoped
BC. Thus, the V(v)/V(v) reaction proceeds faster in N-doped BC.
Furthermore, the area under the peak corresponds to the peak’s
impedance assigned to a specific process. Here, the HF impe-
dance with the undoped BC electrode is three times larger than
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Fig. 7 (a) Nyquist plots and (b) DRT spectra of undoped and N-doped BC.

A V() electrolyte and a flow rate of 15 mL min~! were used. A potential of
1.05 V vs. RHE was applied.
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with the N-doped BC electrode. Thus, the N-doping is beneficial
for the reaction kinetics and helps to catalyze the reaction.
Nevertheless, the peaks for both materials are rather broad,
indicating that many sites with slightly different catalytic
activity exist. Since BC is derived from natural bamboo, inho-
mogeneities in the sample can be expected. The peaks in the
MF range (2 mHz-100 Hz) and LF range (below 2 mHz) depend
on the transport properties of the sample. The LF peak is
caused by the ion transport, and contributes the most to the
overall impedance with 89% for both the undoped BC and the
N-doped BC. This result also follows the DVS results which
revealed a higher wettability for the N-doped BC. In the MF
range, several peaks are observed due to the complex BC
structure. However, some peaks are at the same position in
the DRT spectra for both samples (e.g., 0.01 Hz and 0.05 Hz)
since the general structure of undoped and N-doped BC is
identical.

Nevertheless, the materials must be optimized for the elec-
trolyte flow. Larger channels could achieve lower transport-
related impedances, either breaking up the existing structure or
using a different kind of raw bamboo material.

The electrochemical performance of the materials was
further evaluated by CV in the same flow cell setup. To obtain
more information about the materials’ catalytic activity for
VRFB application, we investigated the V(w)/V(v) reaction of
the positive VRFB half-cell in more detail. The CVs are dis-
played in Fig. 8. The potential range was adapted to each
material to cover all relevant parts of both scan directions.

In general, the CVs of both materials differ significantly. The
undoped BC shows the typical duck shape for a reversible
reaction described in the literature.® The peak-to-peak separa-
tion AE is 91 mV, proofing the high reversibility of the redox
reaction and fast reaction kinetics. A charge ratio Cpegative/
Cpositive Of 0.87 was determined, indicating good reversibility
with a slightly higher charge transfer in the positive-going scan.

undoped
6r N-doped

I/ mA
N

e

2t 4

Oj4 OjG 0?8 1:0 1?2 1?4 1.6
E vs. RHE /V

Fig. 8 CV of undoped and N-doped BC at a scan rate of 2 mV s~*in V()
electrolyte.
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At high positive electrode potentials, carbon materials are
degraded due to carbon corrosion (CO, formation), a major
issue for the VRFB performance.*®*” Most likely, the deviation
of the charge ratio from the ideal value of 1.00 is caused by this
irreversible side reaction. Additionally, the microscopic and
macroscopic structure of BC can influence the peak separation
since it differs from the ideal, flat electrode.

The CV of the N-doped BC was not analyzed in detail since
the key characteristics, such as charge ratio, maximum cur-
rents, or peak-to-peak separation, could not be identified. The
catalytic activity towards the V(v)/V(v) reaction significantly
decreases since only a shoulder can be observed during the
positive-going and negative-going scan for both vanadium
redox reactions. Strong carbon corrosion occurs at higher
potentials, significantly decreasing the overall efficiency. Some
of the introduced active sites benefit the vanadium reaction
since the HF peak in the DRT spectra is shifted to higher
frequencies. Additionally, the HF impedance is decreased.
Nevertheless, the harsh reaction conditions during N-doping
introduce many active polar sites. However, these sites are not
active towards the desired vanadium reaction. Thus, N-doping
enhances the wettability but decreases the performance due to
more carbon corrosion side reactions.

Conclusions

In this study, we investigated BC as a potential electrode
material for VRFBs for the first time. Several techniques were
used for investigating the structure, the wettability and wetting
behavior, and the electrochemical performance of the material.
The aim is to identify a material with suitable wettability and
catalytic activity towards the vanadium species.

Bamboo tubes were used as raw material to prepare
undoped and N-doped BC samples. The structure of BC was
investigated with imaging techniques (SEM, p-CT, and nano-
CT) confirming that BC has a promising channel structure and
interconnecting pores, which can be used for electrolyte trans-
port. Synchrotron X-ray imaging allowed us to visualize in situ
the electrolyte injection as well as the electrolyte distribution in
the undoped material, proofing that the channel structure is
indeed used for electrolyte transport. Thus, the wetting beha-
vior of this material is very promising. DVS measurements
demonstrated a very high water vapor sorption by both materi-
als with a slightly higher wettability of the N-doped BC. Finally,
we studied the electrochemical performance of the differently-
doped BC samples. The undoped BC sample performed excel-
lently during the CV study, whereas the N-doped BC demon-
strated less catalytic activity and a higher tendency to the
carbon corrosion side reaction. The EIS measurements com-
bined with DRT analysis revealed that 89% of the overall
impedance is caused by the ion transport in both samples.
However, the N-doped BC has a significantly lower overall
impedance than the undoped BC.

In conclusion, the presented study demonstrates that BC
might be a promising electrode material for VRFBs due to its
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high wettability, natural flow channel structure, and electro-
chemical activity. Furthermore, bamboo is a sustainable and
renewable resource that grows easily and quickly. The high
impedance values for the transport-related processes show that
the flow properties must be further optimized. Therefore,
another kind of raw bamboo with larger channels might be
suitable, or the existing structure must be modified, e.g., by
breaking up the channel structure. Suitable BC electrodes for
full-cell tests should be prepared as the next step. Conducting
full-cell tests is necessary to prove that BC is another potential
candidate for VRFB electrodes for large-scale energy storage.
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