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Using ferrous-oxidizing bacteria
to enhance the performance of a pH neutral
all-iron flow battery

Sitao Li,"? Sen Fan,'® Xinyuan Peng,'®> Decong Zheng,'” and Daping Li"-?**

SUMMARY

Among various redox flow batteries (RFBs), the all-iron RFBs have greater application potential due to
high accessibility of electrolytes. However, the potential of microaerobic ferrous-oxidizing bacteria
(FeOB) to improve the performance of RFB has been neglected. Here, several experiments were conduct-
ed using Fe2+-diethylenetriaminepentaacetic acid (DTPA)/Naz[Fe(CN)s] as a redox couple for investi-
gating the enhanced performance by FeOB in this RFB. Results showed that the maximum current density
of experimental reactors could achieve 22.56 A/m? at 0.1 M, whereas power density could still maintain
3.42 W/m?(16.96 A/m? and 1.58 W/m? for control group); meantime, the polarization impedance of anode
increased slower and Fe?*-DTPA oxidation peak emerged maximum 494 mV negative shift. With
increased electrolyte concentration in chronopotentiometry experiments, the experimental reactor
achieved higher discharging specific capacity at 0.3 M, 10 mA/cm?. Microbial composition analysis showed
maximum 75% is Brucella, indicating Brucella has ferrous-oxidizing electroactivity.

INTRODUCTION

Commonly used fossil fuels have caused severe climate change and environmental damage; there are growing calls to expand the use of
renewable energy sources, ' like solar energy.” However, the process of storing and utilizing the acquired energy is still under development.
For most of the renewable energy sources (e.g., sun, tide), they are produced intermittently and can provide a large amount of energy in a
short time, so it is difficult to meet the needs of continuous production and life of the urban population if not converted into electricity and
stored in time.® Furthermore, because power plants are usually located in suburban areas, a large-capacity energy storage device is required
for storage and scheduling to reduce the spatial and temporal gaps between energy and users.” Among the various options, redox flow bat-
teries (RFBs) have distinct advantages in power storage compared with conventional batteries. They can withstand higher current charging/
discharging and exhibit longer cycle lives.>® Especially, the uncoupling of power density and capacity allows RFBs to have their separate re-
action unit and external storage tanks, which enables scaling up of the power output and energy storage capacity independently for different
kinds of demands.

Since the concept of RFBs was first proposed in 1974, it has been widely investigated and applied in various fields. Currently, several
metallicions, such as vanadium,®” chromium, ' iron,"" and zinc,'” and metalloid elements, such as bromine' and sulfur,'* are all being devel-
oped as alternatives to traditional lithium and lead-based batteries. However, a conventional redox pair composed of different elements can
cause bidirectional transmission of ions; meantime, the slow reaction kinetics of ions can lead to severe hydrogen evolution reactions (HER).
Therefore, all-iron RFBs are gradually attracting attention due to their low cost and better performance. However, as Fe*" ions are easily hy-
drolyzed into insoluble Fe(OH); precipitates under neutral to alkaline conditions, resulting in an irreversible loss of battery capacity, most of
the redox pairs of existing all-iron RFBs adopted chelate forms of ferrous ion.'” Several studies have tested a variety of iron chelators,
including triethanolamine (TEA),"® 3- [bis (2-hydroxyethyl)amino]-2-hydroxypropanesulphonic acid (DIPSO)," citrate,'® and lots of other li-
gands, demonstrating the stability and redox reversibility under suitable conditions.’” For many aqueous phase all-iron flow batteries,
they use high concentrations of strong bases as the supporting electrolyte””?’ (KOH or NaOH) to maintain a specific conductance and simul-
taneously control the decomposition of iron chelates. Diethylenetriaminepentaacetic acid (DTPA) is a highly effective chelating agent and
exhibits a good electrochemical characteristic. In preliminary experiments, DTPA chelated iron shows a reversible Fe?*/3* system (0.469V
vs. RHE, 1 mM) and a high solubility (maximum about 0.5 M) in neutral media (pH = 7.0, 25°C).?? Compared with other common chelating
agents stabilized in weakly acidic environments (e.g., ethylenediaminetetraacetic acid, EDTA), Fe?*/3*-DTPA is more stable and does not
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cause ion displacement at pH7. Besides, DTPA is also poorly biodegradable, suggesting that it cannot be utilized as a carbon source by
microorganisms.

Nevertheless, to the best of our knowledge, the potential application of microorganisms for RFB enhancement is barely to be investigated;
only a few studies existed up to now.””** The bacteria involved in ferrous oxidation/reduction processes are widely distributed in various nat-
ural and artificial ecosystems, which cause various environmental problems such as acid mine wastewater emission”>?® and iron structure
corrosion.?’*® Certain iron reduction bacteria such as Geobacter have been widely employed in the remediation of soil and groundwater.*’
The iron redox rate in biocatalytic processes is significantly higher than that in chemical catalytic processes. Over these years, a large number
of electroactive bacteria have been discovered and used in the electrocatalytic processes involved in various fields. Several heterotrophic or
facultative autotrophic iron reduction bacteria, such as Escherichia coli FR-2, can accept electrons from the cathode to reduce Fe3*-EDTA.
Moreover, the coculture with denitrifiers can efficiently remove absorbed NO,*** suggesting a potential for bacteria to enhance the perfor-
mance of all-iron RFBs. However, studies on neutral ferrous oxidizing bacteria (FeOB) remain scant, mainly due to their strict living environ-
ments. Compared with the Thiobacillus ferrooxidans found in strong acidic environments, neutral FeOB are predominantly found in near-
neutral environments. In such conditions, the ferrous ion has a lower redox potential (+0.77 V at pH 2, +0.1V at pH 7)* and forms precipitates
of Fe(OH); as an oxidation product, suggesting that these FeOB can only use nitrates or low concentrations of oxygen as the final electron
acceptors in the respiratory chain. As a result, neutral microaerobic Fe?* oxidizers are often restricted to live in areas accompanied with a high
Fe?* and low O, concentrations where the bio-oxidation rate can surpass the abiotic rate. However, because neutral microaerobic FeOB are
difficult to isolate and purify, studies only focused on identification despite their abundance.™

In this study, an electrochemical method was used based on the conventional anaerobic gradient tube enrichment method,* to selectively
enrich electroactive FeOB. The FeOB were grown on the surface of the graphite felt, with the Fe?*-DTPA as the only energy source, and used
for enhancing the performance of RFB. Two experimental reactors (R1, R2) and one control reactor (CK) were operated in batch experiments.
For chronopotentiometry (GCD) experiments, only one experimental (GCD) and one control reactors (CK) were needed. The FeOB enrich-
ment culture (10%) was introduced in experimental reactors as inoculum in the first batch of the batch experiments or GCD experimental culti-
vation process, whereas no microbial inoculum was added in CK. The contents of the anodic chambers were stirred using magnetic stirrers
and kept at room temperature.

RESULT
The performance of half-batteries in batch experiments

In half-battery experiments, only the discharging process existed, which could intuitively reflect that the FeOB promoted the Fe?*-DTPA
oxidation rate compared with the simple chemical process. Before the 55 h, 200 Q resistors were connected in series to restrict the current
density and facilitated the microorganisms to attach to the graphite felt surface. A visible color change of electrolyte occurred before dis-
charging (Figure S1A) and after discharging (Figure $1B), which mainly attributed to the progressive transfer of electrons; Fe?"-DTPA (light
yellow) was oxidized to Fe3*-DTPA (dark red) whereas [Fe(CN)*~ (bright yellow) was reduced to [Fe(CN)*~ (light green).The current density
and anodic potential for the batch experiments over time (external resistance load of 10 Q) is shown in Figure TA. At the end of period 1, the
increasing current density in the experimental reactors indicated that the bacteria might colonize on the graphite felt successfully. Both exper-
imental reactors (R1 and R2) exhibited similar and significantly higher maximum current densities (22.56 and 21.92 A/m?, respectively) during
period 2 compared with CK (16.96 A/m?). The maximum current density revealed a declining trend for CK, which may be attributed to mem-
brane or electrode contamination. However, the current densities of R1 and R2 increased, peaked, and decreased during the whole process
with the extension of time, which may be due to the growth of microorganisms and an increase in anode resistance.

The change in the anodic potential is related to the change in the current density, with the lowest initial potential of —133 mV for CK,
compared with —173 mV and —179 mV for R1 and R, respectively. The presence of FeOB accelerated the transfer of electrons from Fe?*-
DTPA to the anodes. This decreased the overpotential and led to a lower anodic potential, resulting in higher current output. Notably, in
the last seven batches of period 2, the anodic potential of R1 and R2 was lower than that of CK, even throughout the discharging process.
It is worth noting that the observed potential contraflexure might be due to the reduction of the anodic polarization, which is affected by
the decrease in the output current.

The Coulombic efficiency and Fe?*-DTPA oxidation rate were also recorded in Figure S2. For all three reactors, the Coulombic efficiency
was maintained above 99% in all the batches. The oxidation rate reached up to maximum 99.2% (87.48%-99.2%) for R1 and 99.1% (80.0%—
99.1%) for R2 compared with CK (96.75%; 75.32%-96.75%) excepted the 6™ batch, suggesting that FeOB may increase the battery capacity.
In batch experiments operation, each electrolyte replacement might bring about small changes in external environment (e.g., location of the
magnetic stirrers) and therefore affect the internal resistance of half-battery, ultimately determining the oxidation rate.

To analyze the performance difference, polarization and power curves were determined at the end of each period. For period 1 (Figure 1B),
the maximum power density achieved for (1) CK was 3.17 W/m?, with a current density of 12.07 A/m?; (2) R1 was 3.53 W/m?, with a current
density of 13.76 A/m?; and (3) R2 was 3.41 W/m?, with a current density of 13.17 A/m?. In other words, the maximum output power densities
for R1 and R2 were higher than that of CK. Compared with the period 1, the period 2 (Figure 1C) exhibited a much greater difference, with a
maximum power density for (1) CK of 1.58 W/m?, with a current density of 6.45 A/m?; (2) R1 of 3.42 W/m?, with a current density of 13.39 A/m?;
and (3) R2 of 3.12 W/m?, with a current density of 12.85 A/m?. After 10 batches of period 2, all three reactors exhibited a reduction in the
maximum power density because of the rise in the internal resistance caused by membrane or electrode contamination. Nevertheless, the
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Figure 1. Output performance of half-battery discharging process
(A) Current density (A/m?) and anodic potential (V) over time for batch experiments, the dashed line splits period 1 and 2.
(B and C) Power density and polarization curves obtained after the end of period 1 and 2. CK: control group, R1 and R2: experimental group.

maximum power density output of the two experimental reactors remained at 96.9% for R1 and 91.5% for R2 compared with period 1, whereas
that of CK was reduced by 49.8%.

The internal resistance variation was estimated from the slope of the polarization curves in the region dominated by ohmic loss®
(Figures 1B and 1C). For period 1, the internal resistances were estimated to be 35Q, 30 Q, and 33 Q for CK, R1, and R2, respectively. Similarly,
for period 2, the internal resistances were estimated to be 61 Q, 31 Q, and 30 Q for CK, R1, and R2, respectively. Compared with the significant
increase in the internal resistance of CK, the internal resistance of R1 and R2 remained stable and even decreased at the end of period 2,
indicating that the attachment of FeOB may reduce the rate of increase of the internal resistance in flow batteries.

The characterization of electrochemical properties

The anode electrochemical impedance spectroscopy (EIS) data were measured at the end of each period for the three reactors; the cyclic
voltammetry (CV) data was measured only at the end of period 2. A three-electrode system was used for the experiments: both working
and counter electrodes were graphite felt, and an Ag/AgCl electrode was used as the reference. Before every test, the electrolyte was re-
newed and kept static for 30 min. The equivalent circuit is shown in Figure S3. The ohmic, charge transfer, and finite diffusion resistances
were obtained from the EIS curves.®’ The ohmic resistance (Rohm), obtained directly from the intersection of the EIS curve with the real
axis, was affected by the parallel combination of the electronic (electrode and ionic) resistance in the electrolyte. The electrochemical polar-
ization resistance (Rp), caused by the charge transfer process, was calculated from the distance between two intersections, which are the two
points where the ends of the semicircular portion will be in contact with the real axis. The values of Rohm and Rp are shown in Table 1. At the
end of period 1 (Figure 2A), the Rp of the R1 and R2 was significantly lower than CK, which indicated that the FeOB might promote the charge
transfer process from Fe?*-DTPA to the surface of electrode. For both periods (Figures 2A and 2B), the Rp increased for all three anodes over
time, which may be attributed to graphite felt contamination. However, both R1 and R2 maintained a relatively low Rp; the increase in their
Rohm may be attributed to the FeOB growth, influenced by the contact between Fe?*-DTPA and the graphite fiber.

For the CV test (Figure 2C), the voltage window was set from —0.9 V t0 0.9 V, and the scan rate was 0.005 V/s. Due to higher reactant con-
centration and resistance of the CMI-7000S membrane, both oxidation and reduction peaks showed a large shift compared with CV curve in

Table 1. The values of Ropm and R, in CK, R1, and R2 recorded from the end of two periods

Period 1 Period 2

CK R1 R2 CK R1 R2
Rohm () 1.55 0.72 0.68 1.06 1.66 1.13
Ro Q) 7.95 2.58 1.21 11.71 3.33 5.77
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Figure 2. Electrochemical characteristics in half-battery experiments, including EIS and CV tests of anodes

(A and B) The 3D waterfall diagrams drawn from the EIS data obtained after period 1 and 2.

(C) CV curves variation after the whole batch experiments. Electrolyte was same as the 0.1 M initial electrolyte of the experiments. Both the working electrode and
the counter electrode were graphite felt (2.5 x 2.5 x 0.3 cm®); Ag/AgCl electrode was used as a reference. For EIS tests, frequency ranged from 100,000 to
0.01 Hz, and scan rate was 0.005 V/s and 15 s for measurement delay. For CV test, the scan rate was 0.005 V/s. CK: control group, R1 and R2: experimental group.

single-chamber condition, 1 mM Fe?*-DTPA (Figure S4). Within the given voltage window, R1 and R2 showed similar reversible electrochem-
ical behavior. The oxidation peak potentials of 0.1 M Fe?"-DTPA for R1, R2, and CK were 325 mV, 399 mV, and 819 mV, whereas the exper-
imental reactors showed a maximum 494 mV negative shift of the oxidation peak potential compared with CK. The corresponding oxidation
peak current densities for R1 (206 A/m?) and R2 (257 A/m?) were much higher than that of CK (187 A/m?), suggesting a stronger oxidative
capacity in the presence of FeOB. Capacitance reflects the amount of charge stored in a capacitor; larger capacitance indicates higher charge
content that can be utilized. Through CV curve integration, the capacitance of CK, R1, and R2, at the fixed voltage window (—0.9 V t0 0.9 V) was
3.56F,7.72F, and 6.69 F, respectively. The experimental reactors stored higher charge compared with the control reactor. The capacitance of
R1 reached 2.71 times that of CK, demonstrating the potential of FeOB to achieve higher capacitance in RFBs.

The characterization through GCD experiments

The GCD experiments tested four performance parameters for three different reactant concentrations (0.1-0.5 M) by varying the current den-
sity (3-17 mA/cm?), including Coulombic efficiency, energy efficiency, and charging/discharging specific capacity. The active area of the
graphite electrodes was 6.25 cm?. For the different reactant concentrations, 30 cycles were run consecutively using three progressively
increasing current densities; each current density was run 10 cycles (Table 2). The charging/discharging cycles began with the charging pro-
cess, and the required data were recorded and directly obtained from the battery formation/grading system. The Coulombic efficiency varied
relatively large during the first 10 cycles but almost all of them maintaining more than 90%. The relatively low energy efficiency, related to the
voltage efficiency, may be attributed to the nature of Fe?*-DTPA. For a Fe**-DTPA concentration of 0.1 M, the experimental reactors ex-
hibited larger specific capacities at all prescribed values of current density (Figure 3A).

However, the oscillation of the charging/discharging capacity at 3 mA/cm? caused a fluctuation in the Coulombic efficiency and energy
efficiency, in the range of 87.9%-108.7%,; a similar trend was observed for 0.3 M Fe?*-DTPA at 10 mA/cm? (Figure 3B). This may be due to
the fact that the biocatalytic process occurred only during the discharging process, which caused a large asymmetry in SOC change and
thus lead to the fluctuation of Coulombic efficiency. The charging/discharging capacity increased during the first 10 cycles, and the average
discharging capacity of GCD reached 1.37 times compared with CK, showing a prominent increase. In these two parts, a relatively low voltage

Table 2. The GCD experimental setup

Concentration (M) Current density (mA/cm?) Total cycles (s)
0.1 3/5/7 30
0.3 10/12/15 30
0.5 13/15/17 30
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Figure 3. The Coulombic efficiency, energy efficiency, and charging/discharging specific capacity obtained from GCD experiments
(A) Fe?*-DTPA concentration 0.1 M, current density 3, 5,7 mA/cm?.
(B) Fe?*-DTPA concentration 0.3 M, current density 10, 12, 15 mA/cm?.
(C) Fe?*-DTPA concentration 0.5 M, current density 13,15, 17 mA/cm?. The left belongs to CK, and the right belongs to GCD. The dashed lines separate each 10
cycles. CK: control group, GCD: experimental group.

efficiency due to the growth of FeOB on the graphite felt surface increased the ohmic impedance to a certain extent; however, it had not yet
started to serve as reducing polarization impedance, this may reflect the gradually adapting to the environment of FeOB. Nevertheless, as the

current density continued to rise (over 10 mA/cm

%)

, the FeOB attachment did not increase the capacity compared with CK, irrespective of

0.3 M or 0.5 M Fe?*-DTPA concentration (Figures 3B and 3C). The most obvious feature is that the discharging capacity of the first 10 cycles
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Figure 4. The SEM pictures of surface of the graphite felt

(A) The overall appearance took from R1 (100x).

(B, D, and G) A closer observation of graphite fiber, took from R1, R2, and GCD, respectively (500%).

(C, E, F, H, and |) Microbial communities attached to the surface of graphite fibers, took from R1, R2, and GCD, respectively (5000 X).

is lower than charging capacity, with the energy efficiency similar to that of CK. This phenomenon was speculated to occur due to the following
reasons: (1) reactive oxide species (ROS) generated from fenton-like reactions by repeated high current charging and discharging, which
damaged the cell structure; (2) possible toxicity of high Fe?*-DTPA concentration toward FeOB; and (3) rapidly rising Na* concentration
with increasing Fe?*-DTPA concentration (32.14 g/Lfor 0.1 M, 113.96 g/L for 0.5 M, converted into NaCl), and may increase the effects of
the first two terms. In future experiments, an independent cathode can be introduced for the Fe*>*-DTPA reduction process to maintain
the FeOB activity.

The biofilm structure on the anode surface

At the end of period 2 and GCD experiments, a small piece of the bio-enhanced anode was removed for scanning electron microscope (SEM)
observation. As shown in Figure 4, the microbial cells grew almost uniformly on the graphite fiber but did not form a dense biofilm covering
the whole surface (Figure 4A). Magnified observations of the graphite fibers showed the attachment of microbial colonies in more detail
(Figures 4B, 4D, and 4G).

The microbial colonies were more abundant in the batch experiments involving only the discharging process, in comparison to the GCD
experimental graphite felt, which required both charging and discharging processes. This might be due to the toxic effect of high concen-
trations of Fe?*-DTPA or microbial growth inhibition due to localized higher current densities. In addition, the H,O, produced by the cyclic
charging and discharging can trigger fenton-like reactions coupled with Fe**-DTPA, generating certain ROS, such as OH ™~ or O, ", which can
harm the cytomembrane or DNA, thus lowering the microbial density. Largely rod-shaped and a few globular bacteria were found attached to
the graphite felt surface (Figures 4C, 4E, 4F, and 4H), which secreted a large amount of extracellular polymeric substances (EPS) for tight
attachment. In general, the relatively uniform and thin biofilm on the graphite felt ensured minimal influence on the mass transfer process.

The microbial community composition of the biofilm
At the end of period 2 and GCD experiments, the collected bio-anode and enrichment samples were sent for further microbial community
analysis, each reactor or enrichment (“E” in Figure 5) repeated twice.

The community bar graph shows specific proportion on genus level (Figure 5A). For the two reactors of the batch experiments,
Brucella was the dominant genus, reaching up to approximately 75.0% in R1. The other relatively abundant genera were Acinetobacter
(18.4%), Rhodococcus (8.9%), Alcaligenes (3.8%), and Flaviflexus (5.5%). In comparison, the predominant FeOB genera in enrichment culture
were Dysgonomonas (23.8%), Azospirillum (20.9%), Comamonas (19.5%), and unclassified Enterobacteriaceae (14.1%), with Brucella account-
ing only for 6.6%. Nevertheless, due to the inadequate understanding of microbial Fe?* oxidation process, few studies have demonstrated
that the bacteria obtained from enrichment culture can gain energy from the oxidation of Fe?*, like photo-autotrophy*® or detoxification by
Fe?* oxidation.”” The vast difference among these microbial community compositions indicated that the dominant bacteria exhibited both
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Figure 5. Microbial community analysis of graphite felt
(A) The bar plot of microbial community composition for E, R1, R2, and GCD.
(B) The community heatmap for E, R1, R2, and GCD. E: enrichment culture; R1 and R2: batch experimental group; GCD: GCD experimental group.

the ability to oxidize Fe?* and electroactivity. For R1, R2, and GCD, the abundance of Acinetobacter, Rhodococcus, and Flaviflexus was
bigger, except Brucella, compared with enrichments (Figure 5B). All genera were facultative autotrophic and facultative aerobic, and a variety
of electron donors and electron acceptors can be used for cellular respiration. Therefore, the observed genera were speculated to have the
capacity for Fe** oxidation. Compared with R1 and R2, the microbial community composition of GCD showed a maximum 41.9% Corynebac-
terium and 5.5% Advenella additionally, which might originate from the concomitant iron-reducing bacteria in inoculum. The Corynebacte-
rium has been proven to exhibit the iron-reducing ability,"” and the Advenella was shown to have a potential for the same.*'

Brucella, as the culprit of brucellosis, is a kind of intracellular facultative parasitic bacteria for mammals and have been studied as a path-
ogen for many years. When introduced into the animal, Brucella can resist phagocytosis and digestion by macrophages, resulting in a
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persistent infection. The main symptoms include fever and muscle aches; therefore, the study on its autotrophic ability has been neglected. In
this study, on the basis of evidence that Brucella may have the ability of Fe?* oxidation and electroactivity from experiments, some reasonable
inferences about the mechanism for its Feztoxidizing function are made. Iron is a component of various proteins (e.g., Fe-S center), but in
mammalian hosts, it often exists in a bound state. Therefore, the mammalian hosts considered it as a metal-restricted environment for Bru-
cella.*? As a result, Brucella has evolved efficient iron transporters located at the outer membrane, especially aimed at Fe?*/3*-chelates,
compared with other non-parasitic species. Bacterioferritin, a protein with a heme group, is potentially involved in the Fe?*-DTPA oxidation
process. Although the specific function of bacterioferritin has not yet been studied thoroughly,* it has a proven ability to reduce ferric hy-
droxide, with reductive NADH as the electron donor.*** According to conjecture, the bacterioferritin possessed by Brucella can transfer elec-
trons backward from Fe?*-DTPA to NADH, coupling to the respiratory chain and finally transferring the electrons to electrode. Furthermore,
Brucella as a facultative parasite possesses more catalase and/or superoxide dismutase (SOD) expression quantity as it needs to resist oxida-
tive stress caused by macrophages.*®*’ This reason explains the strong resistance of Brucella to ROS attack.

At present, most of the found FeOB predominantly belong to the category of B-proteobacteria, with a few belonging to 3-proteobacte-
ria.*® However, Acinetobacter and Brucella are y-proteobacteria and a-proteobacteria, respectively (Figure S5). Although their iron oxidation
mechanism may not be the same as that of conventional FeOB," they are still capable of obtaining energy through Fe?* oxidation under
given conditions at neutral pH and thus can be classified as neutral FeOB. This finding broadens the definition of FeOB. Because of the tech-
nical difficulties in purifying the found previously neutral microaerobic FeOB, they have not yet been employed in applications. However, the
Brucella is easy to purify and has electroactive properties, indicating its potential as a FeOB for electrochemical applications involving iron
oxidation.

DISCUSSION

In this study, the increasing current density and relatively lower anodic potential in the half-battery batch experiments prominently manifest
the enhancement of FeOB on the Fe?*-DTPA/Nas[Fe(CN)y] battery output. Compared with CK, the maximum power density of R1 and R2
decreased only slightly, with R1 maintaining a value of 3.42 W/m? after period 2. The EIS data indicated that the attachment of FeOB reduced
the polarization resistance of graphite felt during the discharging process. The CV curves proved that the FeOB negatively shifted the
oxidation peak potential of Fe?*-DTPA, which may favor its oxidation speed. The GCD experiments showed that for a current density of
10 mA/cm?and Fe®*-DTPA concentration of 0.3 M, FeOB significantly enhanced the charging/discharging capacity, whereas it reduced en-
ergy efficiency. However, the constant current charging/discharging results for higher current densities and Fe?*-DTPA concentrations were
not satisfactory due to ROS and high Fe?*-DTPA and Na* concentrations. But for practical battery usage, continuous and constantly high
current charging and discharging processes are not required, and therefore, the FeOB can adapt to higher Fe?*-DTPA concentrations
and perform better. In future works, we will configure a three-chamber reactor and introduce ferric reduction bacteria (FeRB) and allow
the iron redox process to occur at two different electrodes, to avoid the mutual interference between the FeOB and FeRB and maintain
the good performance. Furthermore, some new electrode materials should also be tested to improve the relatively low energy efficiency
in all-iron RFB. The SEM pictures clearly presented the attachment and growth of FeOB on graphite fibers, indirectly suggesting that they
can obtain energy from the Fe?*-DTPA oxidation, whereas the graphite felt as an electron acceptor. The microbial composition analysis re-
vealed the Brucella to be the most abundant genus, with maximum 75.0%. Through this study, we speculated the reasons for the strong ca-
pacity of Brucella to oxidize iron and resist ROS and classified it as a FeOB from this perspective. Meanwhile, we consider that in condition of
using mixed culture as the inoculum, some of the existed heterotrophic/facultative heterotrophic bacteria may cause reversible side reactions
involving the interconversion between organic matter and electrons, which can be reduced by using pure bacteria strain. Because of the tech-
nical difficulties in purifying microaerophilic neutral FeOB found previously, no cases have shown that this kind of FeOB has been put into use.
However, the Brucella is easy to purify and also electroactive. This indicates its potential as FeOB for reducing the possibility of side reactions
in RFB, and further electrochemical applications involved iron oxidation.

Limitations of the study

Because high concentrations of Fe?*-DTPA can lead to higher salinity, and thus affect microbial cell growth, some microbial viability tests can
be conducted to find the maximum survivability concentration and predict the maximum capacity of this battery. The ROS produced by con-
stant current charging/discharging process will affect the microbial activity and therefore reduce the battery performance. But in regular bat-
tery usage, there is no need for a continuously and constantly high current charge/discharge process, and this all-iron RFB may perform better.
Moreover, interactions among the microorganisms may also affect performance. Therefore, the pure Brucella can be used as inoculum in sub-
sequent experiments.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Initial ferrous-oxidizing bacteria (FeOB) sample

Natural Rust

N/A

Chemicals, peptides, and recombinant proteins

Diethylenetriaminepentaacetic acid (DTPA)
Fe®*-DTPA (disodium salt)

FeCl,-4H,0

Nas[Fe(CN)g4]

Nagy[Fe(CN)g]-3H,0

Graphite felt (3 mm)

CMI-7000S cation exchange membrane

Nafion™212 proton exchange membrane

Nanjing BioDuly

Nanjing BioDuly

Jingdongtianzheng Precision Chemical Reagent
Jingdongtianzheng Precision Chemical Reagent
Tianjin Fuchen

Taiwan CeTech

Membrane International

Chemours

CAS: 67-43-6

CAS: 19529-38-5

CAS: 13478-10-9

CAS: 14217-21-1

CAS: 14459-95-1
GF030

CXM-200S (CMI-7000S)
NR212

Deposited data

16S rRNA high-throughput sequencing raw data

Mendeley Data

https://doi.org/10.17632/n8xénrkg2y.2

Software and algorithms

ZView

OriginPro 2022

AMETEK

OriginLab

https://www.ameteksi.com/products/software/
zview-software-en

https://www.originlab.com/2022C

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Daping Li (lidp@

cib.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e Data: For 16S rRNA high-throughput sequencing raw data, the datasets supporting the current study have been deposited and publicly
accessible in Mendeley Data, https://doi.org/10.17632/n8x6nrkg2y.2.

e Code: This paper does not report original code.

e Other items: No other new unique reagent was generated. Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This work did not need any unique experimental model.

METHOD DETAILS

Chemicals

DTPA (99.5%), Fe>*-DTPA disodium salt (99.5%) were obtained from Nanjing BioDuly Co. (Nanjing, China). FeCl,-4H,0 (99.7%), Nas[Fe(CN),]
(99.5%) were obtained from Tianjin Jingdongtianzheng Precision Chemical Reagent Co. (Tianjin, China). Nag[Fe(CN)g]-3H,0 (99.5%) was ob-
tained from Tianjin Fuchen Co. (Tianjin, China). Ar (99.999%) was obtained from Chengdu Qiaoyuan Gas Co. (Chengdu, China). Graphite elec-
trodes (3 mm thickness, spectral grade) was obtained from Taiwan CeTech Co. (Taiwan, China). CMI-7000S cation exchange membrane was
obtained from Membrane International Inc. (USA). Nafion™212 membrane was obtained from Chemours Inc. (USA). All other chemicals were

of analytical grade and used without further purification.
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The allocation of 100% and 50% state of charge (SOC) FeZ*-DTPA and Nas[Fe(CN)] solutions

Inorganic medium and phosphate buffer for the Fe?*-DTPA electrolyte were composed of the components as follows (g per liter, final con-
centration): NH4Cl, 1.50; MgSQ,, 0.20; CaCl,, 0.10; NaHCO3, 1.20; KH,PO4, 4.84; K,HPO,, 8.54; and additional 11.70 g/L NaCl serving as sup-
porting electrolyte. Mineral solution and vitamin solution,”® with a final concentration of 1 mL/L, was prepared to promote bacterial growth.
The Fe?*-DTPA complexes were prepared according to the following process: appropriate amount of DTPA and fivefold NaOH was added
(e.g.,0.1 M DTPA and 0.5 M NaOH for 0.1 M concentration electrolyte) in deionized water (80% volume of the total electrolyte), then dissolved
the mixture by using an ultrasonicator. High purity Ar was used to aerate the Nas-DTPA solution for 15 min to remove the remaining O,, and
the mixture was added with the same molar quantity of FeCl,-4H,0 as DTPA. Once completely dissolved, the Fe?*-DTPA solution was heated
in a water bath at 50°C for 30 min until complete chelation. For example, to configure 1L0.1 M Fe’*-DTPA electrolyte, 39.34 g (0.1 mol) DTPA,
20 g (0.5 mol) NaOH, 19.90 g (0.1 mol) FeCl,-4H,O and 0.8 L deionized water was required. For the Naz[Fe(CN)g] electrolyte preparation, the
same molar quantity of Nas[Fe(CN)4] as Fe?"-DTPA was dissolved in inorganic solution. Twofold NaCl was additional added to balance os-
motic pressure. Finally, 10% (in volume) inorganic medium (10x) and 10% phosphate buffer solution (10x, pH = 7.0) were added in Fe?"-DTPA
or Nas[Fe(CN),] solution to construct the final electrolyte. For the 50% state of charge (SOC) catholyte/anolyte, the same concentrations of
Fe?"-DTPA/Fe3*-DTPA and Nas[Fe(CN)s]/Nas[Fe(CN),] were mixed to be prepared. The pH of all the electrolytes was adjusted to 7.0 with 25
wt.% NH3-H,O and 1 M diluted HCI.

Microorganism and enrichment

The initial FeOB sample was acquired from the rust of iron products exposed to humid conditions. Unlike chemical corrosion, the extracellular
polymeric substance (EPS) secreted by microorganisms allows the oxidation products of ferrous iron to be deposited outside the cell in
various crystal structures, resulting in a fluffy appearance. The bacterial inoculum needed for enrichment was obtained by vibrating a
0.1 M phosphate buffer solution containing an appropriate amount of bio-oxidized rust.

Microaerobic FeOB were enriched using gradient tubes with FeCl,-4H,0 as the energy source substrate.”’ The bottom layer of iron sub-
strate was composed of 19.90 g/L (0.1 M) FeCl,-4H,0 and 1% agar (wt/vol). The top layer contained (g per liter): NH,4Cl, 0.50; MgSQO,, 0.20;
CaCly, 0.10; NaHCO3, 1.20; KoHPOy, 0.05 and 0.15% agar (wt/vol), T ml/L vitamins and minerals solution were used as supplements. The pH
was adjusted to 7.0 by aerating the mixture with CO, gas. Both bottom and top layers were sterilized at 121°C for 15 min till the agar
completely melted. A gradient tube was fabricated as follows: 1ml bottom layer was added into the anaerobic tube (effective volume
10 ml), after complete solidification, 5 ml top layer was carefully injected to form a semisolid medium. It took 24 h for Fe?* ions to diffuse
into the top layer in different concentration levels, and the headspace was filled with air. The inoculum (10 pl) was injected into the top layer
evenly for enrichment, then cultured at 30°C in the dark for 15 d. Ultimately, FeOB spontaneously moved to the regions with suitable Fe?* and
O, concentrations, formed a distinct band of Fe(OH)s.

Reactor configuration

The two-chamber plexiglass reactors were used and the effective volume of both cathode and anode chambers were 120 ml. Between the two
chambers, the CMI-7000S (for batch experiments) or Nafion™212 (for GCD experiments) exchange membranes were tightly fixed, membrane
area was 25 cm?. The membranes were regenerated with 5% H,SO, and 5% H,O, at 80°C for 1 h, and rinsed several times with deionized
water. Two graphite electrodes (0.3 x 2.5 x 2.5 cm?) were connected with Pt electrode holders as the cathode and anode, which were
pre-processed as follows: the graphite electrodes were first soaked in acetone for 24 h, then immersed in T M NaOH and 1 M HCl for 1 h
each. They were then rinsed with deionized water, and dried in the oven at 400°C.

After the reactors were assembled, they were washed with chloramine and rinsed several times with deionized water to prevent possible
contamination. Ar was vented into the reactors to drain the remaining air before pouring in the electrolyte. Different volumes of the electrolyte
for batch experiments (120 ml each) and GCD experiments (100 ml each) were transfused into the reactors through different sterilized hose in
an anaerobic environment after filtering through a 0.22 um microporous membrane. In both the first batch and the GCD experimental culti-
vation process, FeOB enrichment culture (10%) was introduced into the experimental reactors as inoculum, while no microbial inoculum was
added in CK.

Two experimental reactors (R1 and R2) and one control reactor (CK) were operated in batch experiments. For the GCD experiments, only
one experimental and one control reactors were needed (GCD and CK, respectively). The anodic chambers were stirred using magnetic stir-
rers and kept at room temperature.

Experimental procedure

A series of half-battery batch experiments were conducted at 100% SOC to test whether FeOB would enhance the oxidizability of Fe?*-DTPA.
The batch experiments could be divided into two periods. In the first period, the concentration of Fe?*-DTPA was gradually increased (0.07—
0.1 M), allowing the FeOB to adapt to the environment. The Fe?*-DTPA concentration in the second period was maintained at 0.1 M. The
resistors (200 Q and 10 Q) were circumscribed to connect the electrodes for electron transfer. Notably, the 200 Q resistors were used to limit
the magnitude of the external current, promoted the microorganisms to grow on the surface of graphite electrodes. A data acquisition card
(USB-1252A, Smacg, China) connected to computer recorded the voltage across the resistors in real-time, and converted it into current den-
sity at the end of each batch. The potential of bio-anode was monitored with a multimeter (VC890D, Victor, China) at the beginning, 12 h
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intervals, and end of each batch. Before and after every batch, sampled each reactor to determine the concentration of Fe?"-DTPA. Atthe end
of each period, the impedance value, power density and polarization statistics of different reactors were measured. Finally, cyclic voltammetry
(CV) was used to determine whether FeOB would influence the redox potential of Fe?*-DTPA. It is worth noting that, the electrolyte in reactors
would be renewed to 100% SOC condition and stood for 30 min until ion equilibrated before every electrochemical test.

GCD experiments were conducted to measure the battery performance at constant current state, including coulombic, voltagic, energy
efficiency and capacity. To increase the theoretical capacity of the Fe?"-DTPA/[Fe(CN)J* flow battery, the reactant concentrations were step-
ped up (0.1 M=0.5 M) in three periods, each period required three days of cultivation at 3, 10 and 13 mA/cm? respectively to allow the microbes
to acclimate before formal tests. Higher concentrations of electrolyte resulted in lower coulombic efficiency during battery operation at low
current densities, whereas higher current density led to lower voltagic efficiency. Therefore, certain moderate current density gradients were
chosen for the tests (37 mA/cm? for 0.1 M, 10-15 mA/cm? for 0.3 M, 13-17 mA/cm? for 0.5 M). Every formal test was conducted at 50% SOC
with completely renewed electrolytes.

After experiments completion, the microbe-attached graphite electrodes were removed and divided into three pieces for microbial com-
munity analysis and scanning electron microscope (SEM) observation. All samples were collected and tested in an anaerobic operating
chamber.

QUANTIFICATION AND STATISTICAL ANALYSIS

Fe?*-DTPA concentration was determined by a modified 1,10-phenanthroline colorimetric method at 510 nm, using a spectrophotometer
(TU-1810, Persee, China). The equation of coulombic efficiency (n,) and Fe?*-DTPA oxidation rate (y,) are as follows:

t
/ idt .
Ny = g X 100% (Equation 1)
Yo = f X 100% (Equation 2)

n
where the current (I, A) over a period of time (dt, s) is converted from the potential of resistors, Fis the Faraday's constant, Va (L) is the volume
of liquid in the anode chamber, z is the number of electrons transferred per molecular, 4¢ (mol/L) is the change of Fe?*-DTPA concentration
and the ¢;, (mol/L) is the initial Fe?*-DTPA concentration.
The polarization and power curves were determined using a series of resistances ranging between 2 kQ and 10 Q, using a multi-meter to
measure the voltage 5 min after each resistance change. Changes in the anode impedance were measured by electrochemical impedance
spectroscopy (EIS) and fitted computationally. The equation of capacitance (C, F) calculated from CV curves is as follow:

3 A

T 2k(V, — Vi)

where the A (A V) is the integrated area of the CV curve, kis the scan rate (V/s), (V2-V;) (V) is the voltage window of test.
The EIS and CV statistics were carried out using an electrochemical workstation (VersaSTAT3, Ametek, America). GCD experiments

involved charging and discharging tests in constant current densities, were managed and recorded by a battery formation/grading system

(CT-3008, Neware, China). Microbial community analysis was performed by Majorbio Co., China, and SEM pictures were obtained from the

C (Equation 3)

Analysis and Measurement Center of Sichuan University, China.

ADDITIONAL RESOURCES

There are no additional resources needed to be declared in this manuscript, additional requests for this can be made by contacting the lead
contact.
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