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Improving electrode performance is crucial for increasing
energy efficiency and power density in redox flow batteries.
Here, we study the effects of thermal activation of carbon paper
electrodes on the performance of bismuth as an electrocatalyst
in high-voltage KCrPDTA/K4Fe(CN)6 flow batteries. While ther-
mal activation improves wettability and surface area, it also

leads to the formation of large, agglomerated bismuth deposits
that reduce Coulombic efficiency. Although bismuth lowers cell
resistance and enhances voltage efficiency, it promotes parasitic
hydrogen evolution depending on its morphology, underscor-
ing the need for optimized catalyst deposition techniques.

Introduction

Global renewable capacity additions increased by 50 % to nearly
510 GW in 2023, marking the fastest growth rate in two
decades. This rapid expansion poses unprecedented challenges
for power grids due to mismatches between supply and
demand, creating a critical need for energy storage to shift
power from when it is generated to when it is needed. Redox
flow batteries (RFB) are promising for long-duration energy
storage, enabling inter- to multi-day storage, which is crucial for
continued integration of renewable power sources.[1] However,
current systems are limited by high costs and low energy
density, and major research efforts have thus focused on the
development of highly soluble active species to increase energy
density that are based on abundant raw materials. Yet, it has
been shown that cell-level energy density is relatively unim-
portant regarding system level footprints and that the typical
approach of using very concentrated electrolytes invokes many
challenges related to viscosity and ionic strength of the
electrolyte.[2] Power density, on the other hand, is much more
economically important as the power components (the cell
stacks) dominate overall cost and practical systems often
require fast charge rates, for example, to buffer the few hours a
day of excess solar production.[2a,3] Therefore, the key to further
improve RFBs is to develop high-voltage batteries that use low-
cost electrolytes and can operate at high current densities while
maintaining good energy efficiency. This approach reduces
stack size and enables efficient electrolyte utilization, reducing
overall capital costs.[4]

Chelating transition metal cations is a promising approach
for developing new RFB electrolyte materials that enable high

cell voltages. Chelation can significantly alter a metal ions’ pH
stability, redox potential, and solubility. For example, 1,3-
propylenediaminetetraacetic acid (PDTA) chelation of Cr3 + ions
shifts the Cr3 +/Cr2 + reduction potential toward more negative
values, significantly improves redox kinetics, and inhibits hydro-
gen evolution.[5] The solubility of the potassium salt KCrPDTA
reaches up to 1.5 M, which is on par with vanadium based
systems.[6] Flow batteries with KCrPDTA as negative electrolyte
and ferrocyanide/ferricyanide as positive electrolyte operate at
a cell voltage of 1.6 V, compared to 1.3 V for vanadium-based
systems, and are one of only a few cell chemistries that achieve
peak discharge power densities of >1 W cm� 2.[7] In contrast to
typical vanadium- or iron-chromium RFBs that employ highly-
acidic electrolytes, these cells operate at near-neutral pH (8.5),
which is advantageous for large-scale industrial manufacturing
and reduces the risk of hydrogen evolution. Notably, electrolyte
tank costs, an overlooked factor in flow battery economics, are
significantly lower for non-caustic media.[8]

While the KCrPDTA/K4Fe(CN)6 system shows promise, en-
hancing its power density is critical to reducing costs and
lowering the total area specific resistance (ASR) is essential to
advance commercialization.[9] Electrochemical cells encounter
activation, ohmic, and mass transfer overpotentials, contribu-
ting to charge transfer, ohmic, and mass transport
resistances.[4b] The conductivity of the electrolyte and the ion
exchange capacity of the membrane affect ohmic resistance,
mass transfer is dominated by electrolyte viscosity and flow
rate, and charge transfer is governed by the kinetics of the
active species.[7,9–10] Therefore, electrode treatments such as
thermal activation, chemical etching, coatings, or doping have
been explored, improving the power performance of, partic-
ularly acidic vanadium-based, RFBs.[11] Thermal activation of
carbon electrodes up to about 500 °C has become a standard
practice for acidic RFBs as it increases surface area, improves
wettability, and introduces functional groups that serve as
active sites for redox reactions.[12]

The introduction of electrocatalysts is another common
strategy to reduce ASR. A plethora of materials have been
studied, with bismuth often being chosen for its non-toxic
nature and low cost, making it industrially viable.[13] The
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working mechanism is still contested in literature, with explan-
ations ranging from reduced charge transfer resistance, in-
creased surface area, to inhibition of the hydrogen evolution
reaction (HER) in acidic media via formation of BiHx

species.[13a,c,14] However, such species are not readily formed at
near-neutral or basic pH and little information is available on
the performance of metallic electrocatalysts in these environ-
ments. Importantly, studies on the interplay between thermal
electrode activation and deposition behavior of electrocatalysts
in near-neutral pH systems are absent in literature.

Here, we explore methods to enhance the power perform-
ance of high-voltage KCrPDTA/K4Fe(CN)6 RFBs by investigating
the effects of thermal activation of carbon electrodes on cell
performance and electrocatalyst morphology. As expected,
thermal activation enhances wettability and surface area of
bare electrodes, but we find that it results in large, agglom-
erated bismuth deposits that significantly reduce Coulombic
efficiency (CE). While bismuth reliably improves voltage and
energy efficiency (VE and EE), it also promotes parasitic hydro-
gen evolution, depending on its morphology, highlighting the
need for optimized catalyst deposition techniques.

Results and Discussion

Electrode Characterization

Sigracet 39 AA carbon papers consist of polyacrilonitrile-based
fibers and a flaky carbonized binder.[15] Bismuth plating on
carbon paper electrodes was performed from a Bi3+-containing
solution using a two-step galvanostatic protocol to initiate
nucleation, followed by a slow growth step. Scanning electron
microscopy (SEM) images show particles decorating the elec-
trode surface (Figure 1 and Figure S1), confirmed as bismuth via
energy-dispersive X-ray spectroscopy (Figures S2–S4). Non-
activated (NA) electrodes display bismuth particles (0.4–2 μm)
primarily on the flaky binder, while samples treated at 150 °C in
air (150C) show slightly larger particles (0.4–3 μm). In stark
contrast, electrodes treated at 400 °C (400C) show much larger
agglomerates (6 μm). The microstructure reflects the cell
voltage observed during electrodeposition: NA and 150C
samples show similar values of about 1.50 V and 1.45 V for the
nucleation and growth steps, respectively, while the cell voltage

with 400C electrodes is 250 mV lower for both steps (Figure S5).
Higher voltages represent a higher driving force, creating nuclei
on any available sites through instantaneous nucleation,
resulting in many small bismuth deposits. Meanwhile, the lower
potential on 400C samples indicates more favorable surface
conditions and easier, progressive nucleation with fewer but
subsequently growing nuclei, leading to larger agglomerates.

The hydrophobicity of carbon papers hinders surface
wetting, effectively reducing the active surface area available to
the electrolyte for electrochemical reactions. Wetting measure-
ments showed poor wetting for NA and 150C electrodes, with
contact angles of 143�2° and 124�3°, respectively (Figure S6
and Table S1). In contrast, the thermal treatment at 400 °C
significantly improved wettability, reducing the contact angle
to 22�4°. This improvement is attributed to the introduction of
oxygen functional groups from surface oxidation.[4a,12a,d] To
investigate the effect of thermal treatments on our carbon-
based electrodes, we characterized vibration modes of pristine
and heat-treated electrodes via Raman spectroscopy. Perfect
graphite crystals show only one Raman band at 1575 cm� 1,
commonly called the G peak,[16] which is assigned to the
vibration of sp2 bonds of in-plane carbons, while non-perfect
graphitic materials also show the presence of the D peak at
approximately 1355 cm� 1, which is attributed to the breathing
mode of the rings.[17] The ratio between the D/G peaks has been
extensively used to characterize the degree of disorder in
carbon materials or a measure of the defects on the surface of
the carbon papers.[12d] Raman mapping of electrode samples
shows characteristic bands with different relative intensities for
the fibers and flakes with the higher D/G ratio of the fibers
indicating a more defective structure (Figure 2 and Table S2).[18]

Increasing the treatment temperature leads to higher D/G ratios
on both flakes and fibers, confirming an increase in disorder in
the graphitic materials through thermal activation. Notably, this
was previously observed only in spot-measurements, and the
mapping data confirms the global effect of activation on the
carbon paper.[4a]

The specific surface area (SSA) of carbon papers was
determined using BET theory with nitrogen and krypton gases
(Figure S7, Table S3). For samples with low surface areas
(~1 m2 g� 1) the results using nitrogen yielded errors >100 %
and are not presented. Adsorption measurements show a
dramatic increase in SSA from 1.1–1.2 m2 g� 1 for NA and 150C

Figure 1. SEM images of bismuth-decorated carbon electrodes. Samples are a) non-activated, b) activated at 150 °C, and c) activated at 400 °C.
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samples to 168 m2 g� 1 for 400C electrodes, consistent with the
literature.[4a] Most of the SSA increase is related to the
generation of micropores (<2 nm), invisible in SEM (see
Table S3). Interestingly, the addition of bismuth particles on the
surface of NA electrodes increases the SSA by about 20 %, while
for 400C electrodes, a marked decrease is observed. This
suggests that the bismuth deposits have a relatively low specific
surface area, comparable to pristine carbon paper, and that for
electrodes activated at 400 °C, high-surface, microporous carbon
is blocked by large bismuth deposits. Micropores may also be
clogged in another way, as mass dilution of the high-surface
400C electrode with low-surface Bi particles (<10 wt.%) cannot
fully explain the SSA drop by ~50 %.

Since the SSA determined by BET does not necessarily
correspond to the electrochemical active area, we further
characterized the electrodes via electrochemical double layer
capacitance measurements (Table S3, Figure S8). Corroborating
the BET results, the double layer capacitance increases signifi-
cantly after thermal activation, indicating a large increase in the
electrochemically active surface area.[12a] The bismuth particles
slightly increase the double layer capacitance for the NA and
150C samples, but have little effect on the 400C electrodes.

Overall, the 400C electrodes show enhanced hydrophilicity,
greater structural disorder, and a significant increase in surface
area, suggesting improved performance in flow batteries.[12d,18]

Conversely, larger bismuth agglomerates are expected to be
less effective in improving redox kinetics than fine, homoge-
neously distributed particles. Notably, the constant-current
protocol does not allow for differentiation of the impact of
overpotentials and surface energy on the nucleation rates.
Therefore, constant-potential electrodeposition would be better
suited to account for variations in overpotential during the
deposition process.

Impact on Peak Discharge Power Density and Rate Capability

To evaluate the impact of electrode treatment and bismuth
functionalization on the overall performance of KCrPDTA/K4Fe-
(CN)6 flow batteries, we first focus on peak discharge power
density and rate capability. These metrics are crucial for
determining how electrode modifications affect power output
and efficiency at different states of charge (SOC) and cycling
rates. Before each experiment, the ASR of the cells was
measured using linear voltage sweeps (Table S4, Figure S9).
After ASR measurements, the 5.3 cm2 cells were cycled five
times to 80 % SOC at 500 mA with voltage cut-offs of 2.1 and
0.7 V to establish a baseline, followed by peak discharge power
tests. Charging was performed at a constant current of 500 mA
to 20, 40, 50, 60, 80, and 90 % SOC, and discharging was
performed using a controlled voltage sweep of 200 mV s� 1

(Figure S10).
Bismuth functionalization significantly enhances the max-

imum power density across all electrode treatments, with
improvements ranging from 13 % to 24 % (Figure 3a, Table S5).
This increase is primarily attributed to the reduction in ASR.
More specifically, impedance measurements at 50 % SOC show
the disappearance of a feature at 4–8 kHz with bismuth,
attributed to charge transfer resistance (Table S3), while the
process assigned to mass transfer (1–4 Hz) remains unaffected
(Figure S11). The 400C-Bi electrodes showed the highest peak
discharge power density, reaching 1.33 W cm� 2 at a current
density of 1.52 A cm� 2 at 90 % SOC. These results far exceed
previous peak discharge power densities of 0.62 W cm� 2

reported for the same cell chemistry and membrane at room
temperature.[7] Interestingly, despite the 400C electrodes having
a higher surface area, the NA-Bi electrodes enabled comparable
peak discharge power density. This highlights the dominant
role of bismuth in improving performance, independent of

Figure 2. Micrographs of carbon papers with Raman mapping overlays displaying the D/G peak ratio and representative spectra of fibers and flakes for a,b)
NA electrodes, c,d) 150C electrodes, and e,f) 400C electrodes.
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wettability or surface area, at least related to pores narrower
than 2 nm. The OCV at each SOC remained unaffected by
electrode treatments (Figure S12).

To further investigate the impact of electrode modifications
on rate capability, the cells were cycled five times to 80 % SOC
at increasing currents, ranging from 500 to 1500 mA. At each
current, the cells reached their target capacities corresponding
to 80 % SOC (Figure S13). The average VE and CE show a clear
improvement of VE on bismuth functionalized electrodes at all
cycling rates, in agreement with lower ASR as discussed above
(Figure 3b). Standard deviations of the average VE at a given
current are less than 0.1 %. The CE increases from 99.3 % to
99.7 % with increasing cycling rates, suggesting that higher
currents mask the effects of undesirable side reactions, such as
hydrogen evolution, by reducing the time available for these
reactions to occur (Figure 3c).[19] At 1250 mA and 1500 mA, CE is
decreased, indicating the onset of mass transfer limitations.
Notably, the electrodes without bismuth exhibit higher CE at all
currents, in contrast to the hypothesis that bismuth suppresses
water reduction. Particularly the 400C-Bi cells show significantly
decreased CE, suggesting that the morphology of bismuth
deposits plays a critical role. An additional 10 cycles at 500 mA

were performed after the rate test showing that capacities
recovered to values comparable to the initial cycles, high-
lighting the resilience of the cell chemistry to high current
cycling.

Impact on Coulombic Efficiency

While bismuth functionalization clearly improves peak dis-
charge power density and rate capability, its impact on CE
shows a different trend. Extended cycling experiments over 50
cycles at 500 mA were performed using a thicker membrane to
further highlight the differences in CE, as CE is a critical metric
for long-term cycling stability. Although the thicker membrane
increases ASR (Table S4), it helps prevent crossover, allowing
inefficiencies to be attributed primarily to electrochemical
processes at the electrodes. The average CE, VE, and EE values
across the 50 cycles are shown in Figure 4. For clarity, error bars
are omitted from the graph and are only shown in Figure S14.

In contrast to the improvements in power density, bismuth
functionalization negatively affects CE for the 400C-Bi electro-
des. Electrodes without bismuth showed consistently high CE,

Figure 3. Comparison of peak discharge power density and rate capability. a) Peak discharge power density at various states-of-charge with all types of
electrodes, b) voltage efficiency and c) Coulombic efficiency versus cycling current.

Figure 4. Extended cycling tests with all types of electrodes. a) Coulombic efficiency, b) voltage efficiency, and c) energy efficiency versus cycle number. Error
bars are omitted for clarity and are shown in Figure S12.
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averaging 99.4 % for NA electrodes and 99.5 % for thermally
treated electrodes, and slightly improved and more stable VE.
Adding bismuth led to marginal increases in CE for NA
electrodes, while 150C electrodes showed slightly lower CE in
the initial cycles. A significant drop of up to >1 % in CE was
observed with the 400C-Bi electrodes. To assess the statistical
significance of differences in Coulombic efficiency among the
six electrode types, we performed a one-way ANOVA followed
by Tukey’s post-hoc test (Figure S15). The analysis, based on
Coulombic efficiency data pooled across all cycles for each cell
type, yielded an F value of 37.4 and a p-value of 5.9×10� 35,
confirming significant differences in population means (p
<0.05). Post-hoc analysis revealed that the 400C-Bi electrodes
exhibit significantly lower Coulombic efficiency compared to all
other electrode types, which did not differ significantly among
themselves. These findings strongly support the hypothesis that
the large, agglomerated bismuth particles observed on the
400C-Bi electrodes negatively impact CE (Figure 4a). Although
bismuth is typically considered an HER inhibitor,[13a] its impact
on CE in this case is detrimental, likely due to the agglomerated
particle morphology. While bismuth increases VE across all
cases, leading to the highest EE for 400C-Bi electrodes (Fig-
ure 4b–c), this improvement must be critically assessed, as the
significant drop in CE reduces the cycling life of these cells,
even if the EE remains high.

After 50 cycles, the pH of the negative electrolytes increased
from its initial value of 8.5 across all cells, with values of 10.20�
0.07, 10.34�0.32, and 10.46�0.07 for NA-Bi, 150C-Bi, and
400C-Bi, respectively. This increase is attributed to parasitic HER,
which raises the pH of the solution, corroborating the
observation that bismuth’s agglomerated form on 400C-Bi
electrodes compromises the cell’s Coulombic efficiency.

Bismuth Versus Water Reduction

It is debated in the literature whether bismuth suppresses HER,
decreases charge transfer resistance, or simply increases sample
surface area, the latter two factors being particularly

intertwined.[13a,c,14a] Our results show that on 150C and 400C
electrodes, bismuth actually reduces surface area, indicating its
direct electrocatalytic activity towards CrPDTA redox, rather
than merely increasing surface area. Given that flow rates,
tubing, membranes, and electrolytes are identical across all
experiments, the decrease in ASR and the disappearance of the
4–8 kHz feature in impedance measurements on bismuth-
decorated electrodes must be attributed to reduced charge
transfer resistance. This suggests bismuth‘s primary contribution
is in facilitating electron transfer, rather than HER suppression,
despite claims in the literature to the contrary.[14a,20] We there-
fore compare the behavior of bismuth and carbon towards HER
under battery-like conditions.

Cyclic voltammetry and LSV experiments in a PDTA buffer
(pH 8.5) on polished glassy carbon (GC) and metallic bismuth
electrodes revealed comparable surface characteristics, with
capacitances of 25.0 μF cm� 2 for GC and 14.6 μF cm� 2 for
bismuth, implying similar, flat surfaces (Figure S16). However,
the onset of HER, arbitrarily defined as the current density
reaching � 0.1 mA cm� 2, occurred at � 1.3 V vs. Ag/AgCl on
bismuth, compared to � 1.6 V on GC (Figure 5a), indicating that
bismuth catalyzes HER at less negative potentials. This is
corroborated in chronoamperometric experiments where de-
creasing potentials were applied in two-minute steps (Fig-
ure 5b). The onset of water reduction is clearly indicated by a
steep increase in current density after � 1.3 V and � 1.6 V vs. Ag/
AgCl on bismuth and GC, respectively.

To verify that decreased CE is due to HER also in full cells
using bismuth decorated electrodes, slow LSV scans at
0.05 mV s� 1 were performed with the headspace of the negative
electrolyte container connected to a gas chromatographer. The
cell voltage was scanned from 1.2 to 1.7 V to capture the onset
potential of HER and overall hydrogen generation rate (Fig-
ure 5c). The onset of hydrogen evolution is shifted to lower cell
voltages on bismuth decorated electrodes, in agreement with
the ex-situ experiments, reduced CE, and increased pH in the
extended cycling experiments discussed above. Notably, the
gas generation rate is an order of magnitude higher in presence
of bismuth and worst on 400C-Bi electrodes. This trend cannot

Figure 5. Catalytic activity of polished bismuth and glassy carbon electrodes towards hydrogen evolution. a) Linear sweep voltammetry and b)
Choronoamperometry measurements on glassy carbon and metallic bismuth electrodes, c) hydrogen generation during slow linear voltage sweep in full cells
for all electrode types.
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be explained by differences in surface area (Table S4) and must
be related to the presence of bismuth. This conclusively
demonstrates that bismuth does not suppress HER as previously
suggested,[13c,14a,b,21] but in fact catalyzes this parasitic side
reaction.

The large, agglomerated bismuth particles found on 400C-Bi
electrodes exacerbate HER, highlighting the critical role of
particle morphology. Studies on CO2 reduction catalysts have
shown that HER can be suppressed on small, sharp dendritic
particles, whereas larger, rounder aggregates promote hydro-
gen evolution.[22] It was proposed that sharp morphological
features enhance CO2 reduction by concentrating reagents via
local electric fields or that sharp dendritic electrodes improve
mass transport by nucleating and releasing gas bubbles at
smaller sizes, especially at high current densities. Both mecha-
nisms increase local reagent concentration through dendrite
morphology, enhancing reagent reduction selectivity over
hydrogen evolution.[23] Similarly, we hypothesize that optimiz-
ing bismuth deposition protocols to produce nanostructured,
dendritic morphologies could favor CrPDTA reduction over HER.

Conclusions

This study systematically investigates modifications of carbon
paper electrodes and their impact on battery performance in
high-voltage KCrPDTA/K4Fe(CN)6 flow batteries. While thermal
activation at 400 °C significantly enhances wettability, surface
area, and electrochemically active area, these changes do not
yield the expected benefits for the chemistry studied here. The
deposition of bismuth as an electrocatalyst enables power
densities of up to 1.33 W cm� 2 by consistently lowering total
cell resistance, thereby enhancing voltage and energy efficien-
cies. However, depending on the activation temperature,
bismuth deposits exhibit a range of morphologies, with larger
agglomerates significantly reducing Coulombic efficiency, pos-
ing challenges for long-term stability.

Contrary to previous reports, our findings indicate that
bismuth does not necessarily increase the electrochemically
active surface area but instead enhances the redox activity of
the active species. Notably, we demonstrate that bismuth is a
more effective catalyst for the hydrogen evolution reaction
compared to bare carbon electrodes. Ultimately, this study
highlights a critical trade-off between high power and longev-
ity. While bismuth catalysts are essential for improving peak
power density, addressing their impact on operational life is
crucial. Developing electrode activation and electrodeposition
protocols that control catalyst morphology will be key to
maximizing performance in future applications.
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