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Abstract  5 

Microbial electrosynthesis (MES) is a promising bioelectrochemical approach to produce 6 
biochemicals. A previous study showed that Rhodopseudomonas palustris TIE-1 can directly use 7 
poised electrodes as electron donors for photoautotrophic growth at cathodic potentials that avoid 8 
electrolytic H2 production (photoelectroautotrophy). To make TIE-1 an effective biocatalyst for 9 
MES, we need to improve its electron uptake ability and growth under photoelectroautotrophic 10 
conditions. Because TIE-1 interacts with various forms of iron while using it as a source of 11 
electrons for photoautotrophy (photoferroautotrophy), we tested the ability of iron-based redox 12 
mediators to enhance direct electron uptake. Our data show that soluble iron cannot act as a 13 
redox mediator for electron uptake by TIE-1 from a cathode poised at +100mV vs. Standard 14 
Hydrogen electrode. We then tested whether an immobilized iron-based redox mediator Prussian 15 
blue (PB) can enhance electron uptake by TIE-1. Chronoamperometry indicates that cathodic 16 
current uptake by TIE-1 increased from 1.47 ± 0.04  to 5.6 ± 0.09 µA/cm2 (3.8 times). Overall, 17 
our data show that immobilized PB can enhances direct electron uptake by TIE-1.  18 

 19 
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1. Introduction  28 

Microbial electrochemical systems (MECs) use microbes to catalyze biochemical reactions 29 
at the electrode-microbe interface [1,2]. Recent research suggests that microbial 30 
electrosynthesis (MES) is an attractive approach to compensate for fossil fuel shortage and 31 
to mitigate climate change [3,4]. In MES, electrically driven microorganisms (e.g., 32 
cathodophilic- or metal-oxidizing microorganisms) are used as biocatalysts to convert CO2 33 
to value-added chemicals, biomass or biogas using a poised cathode potential [2-8]. Under 34 
a poised potential, extracellular electron transfer between the cathode and microbes can 35 
occur in the following ways: (1) Electron transfer (ET) through H2, which is externally 36 
supplied from the electrolyzer, (2) ET through cathodically produced H2 (self-mediated), 37 
(3) Direct ET to drive microbial CO2 fixation [9]. Also, the production of biochemicals 38 
from CO2 is directly linked to the quantity of electrical energy supplied by the cathodically 39 
poised electrode [5-9].  40 

Acetogens and methanogens are widely employed as microbial catalysts in MES for 41 
biochemical production from CO2 [10-12]. Under electroautotrophic conditions, both 42 
acetogens and methanogens can perform mediated electron transfer (MET) using 43 
cathodically produced H2 as electron mediator (self-mediator) to generate bio-chemicals. 44 
The poised cathode potentials lower than -590 mV vs. Standard Hydrogen Electrode (SHE) 45 
(or more negative potentials) can favor MET due to the production of H2. H2 even at low 46 
quantities can act as an electron mediator between the electrode and microbes [1,13,14]. 47 
Electrodes poised at low potentials of -1500 mV vs. SHE can also undergo MET due to the 48 
production of formate, which can act as an electron mediator in MES by lithoautotrophic 49 
microorganisms (e.g., Ralstonia eutropha) [15]. Although high levels of electron uptake 50 
can be achieved by acetogens/methanogens, the main issue associated with using them for 51 
MES is that the process requires high energy input (i.e., a more negative potential), thus 52 
increasing the cost of the biochemicals produced using this strategy [16-19].  53 

Rhodopseudomonas palustris TIE-1 is an iron-oxidizing photoautotrophic 54 
microorganism that can fix CO2 in the presence of light by using ferrous iron (Fe(II)) as a 55 
source of electrons (photoferroautotrophy) [20,21]. Bose et al. [22] demonstrated that TIE-56 
1 can uptake electrons (~1.5 µA/cm2) from a solid graphite electrode under low electrical 57 
energy input (+100 mV vs. SHE).  Bose et al. [22] also showed that light enhances current 58 
uptake by TIE-1. The low energy input requirement, the use of light, the metabolic 59 
versatility and the genetic tractability of TIE-1 represent major advantages for its use in 60 
future MES applications. However, for this, we need to improve its electron uptake ability 61 
and its growth under photoelectroautotrophic conditions. Although Bose et al. [22] 62 
suggested that direct electron uptake is the most likely mechanism by which TIE-1 accepts 63 
electrons from an electrode poised at +100 mV vs. SHE (based on electrochemical 64 
calculations) [22], Doud and Angenent [23] suggested that ferrous iron could act as a soluble 65 
redox mediator in these experiments. Doud and Angenent [23] suggested that TIE-1 was 66 
accepting electrons via indirect electron transfer where the electrode reduced ferric iron 67 
back to ferrous iron, thus making it available to TIE-1 to be used for photoferroautotrophy. 68 
The potential used by Doud and Angenent was +20 mV vs. SHE, which is different from 69 
that reported by Bose et al. (+100 mV vs. SHE) [22,23]. Doud and Angenent [22] also 70 
showed that increasing light input improved electron uptake by TIE-1 in an uncoupled 71 
bioelectrochemical reactor where phototrophic oxidation of Fe(II) chelated with 72 
Nitrilotriacetate (NTA) by TIE-1 produced Fe(III)-NTA. The poised electrode (+20 mV vs. 73 
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SHE) reduced this back to Fe(II)-NTA [23]. This is a reaction that can occur because the 74 
Fe(III)-NTA/Fe(II)-NTA redox couple has a reduction potential of ~ +400 mV vs. SHE at 75 
circumneutral pH [24]. In contrast to studies of indirect electron uptake reported by Doud 76 
and Angenent [23], here we wanted to test the effect of addition of unchelated Fe(II) on 77 
direct electron uptake by TIE-1 from electrodes poised at +100 mV vs. SHE as reported by 78 
Bose et al. [22]. Our results suggest that soluble Fe(II) cannot act as a redox mediator for 79 
electron uptake by TIE-1 and is unable to enhance cathodic current uptake at +100 mV vs. 80 
SHE. In search of a redox mediator that enhances direct electron uptake by TIE-1, we 81 
decided to use an immobilized iron-based redox mediator called Prussian Blue (PB). PB is 82 
a reversible ferrous-ferric polynuclear chemical complex that we electrodeposited as a film 83 
on graphite cathodes, and covered with a biocompatible chitosan layer. 84 

The use of PB for our study was motivated by previous reports where graphite 85 
cathodes modified with Fe(III) aided oxygen reduction in microbial fuel cells by acting as 86 
a redox mediator [25,26]. Also, redox mediator modified electrodes improve electron 87 
transfer in biosensors; during electrocatalysis; in charge storage devices; and for 88 
electrochromism [27]. Among these redox mediators, Prussian blue (PB) complex {iron(III) 89 
hexacyanoferrate} is used very commonly in electrochemical biosensors [28-30]. 90 
Interestingly, an open framework structure of PB analogues allows rapid insertion and 91 
extraction of multivalent cations. PB is used as a low-cost cathode material (<$1 per Kg) 92 
in microbial batteries due to its reversible characteristic for long-term applications [29].  93 

 Here, we report that TIE-1 can accept more electrons from cathodes coated with PB, 94 
representing an inexpensive method for increasing electron uptake and the production of 95 
biomass as a product of microbial electrosynthesis. We performed electrochemical analyses 96 
to measure current uptake, electrochemical activity, and electron or charge transfer 97 
resistance across the electrode-microbe (TIE-1) interface of the unmodified and modified 98 
electrodes during photoelectroautotrophic growth. The results show that extracellular 99 
electron uptake of TIE-1 increased up to 3.8 times in the presence of the immobilized ET 100 
redox mediator, Prussian Blue.  101 
 102 
2. Experimental 103 
2.1. Inoculum and Bioelectrochemical cell (BEC) setup 104 
Electron uptake (EU) experiments with TIE-1 were carried out in a seal-type single 105 
chamber electrochemical cell (C001 Seal Electrolytic cell, Xi’an Yima Opto-electrical 106 
Technology Com., Ltd, China). 10 mL of cells pre-grown in Freshwater (FW) [31] medium 107 
containing H2 as an electron donor and 22 mM sodium bicarbonate were inoculated in 70 108 
mL of FW medium to achieve a final OD660 of ~0.01. This was followed by gas exchange 109 
for 20 mins with N2/CO2 (80%:20%), and the final headspace pressure was set as 7 psi. All 110 
photoelectroautotrophic growth experiments were replicated (n=3) at 26 °C under 111 
continuous infrared light (illumination) unless noted otherwise (Fig. S1). We performed 112 
two sets of experiments: 1) Those with the addition of FeCl2 using unmodified graphite 113 
electrodes, and 2) Those using the electrode modified with PB. 114 
 115 
2.2. Bioelectrochemical experiments with FeCl2 116 
Electron uptake of TIE-1 was performed by the addition of FeCl2 (referred to as soluble 117 
Fe(II)) with poised electrodes in the seal type electrochemical cell. Here, spectroscopically 118 
pure graphite rods (GR, 5.149 cm2, SPI supplies, USA) served as the working electrode, Pt 119 
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foil as the counter electrode and Ag/AgCl as the reference electrode. All potential values 120 
are reported with respect to the Standard Hydrogen Electrode potential (SHE). All 121 
electrochemical experiments were carried out using the Gamry electrochemical workstation 122 
(Gamry Multichannel potentiostat, USA). To investigate the dissolved Fe(II) during the EU 123 
experiment, 6.32± 0.02 mM of FeCl2 was added to FW medium in the presence or absence 124 
of TIE-1. EU by TIE-1 was measured in terms of current by chronoamperometry (CA) 125 
method at a poised potential of +100 mV vs. SHE for 152 h. Cyclic voltammetry (CV) 126 
characteristics of initial (0 h) and final (152 h) FW medium was analyzed to understand the 127 
effect of Fe(II) addition. Further, a colorimetric Ferrozine based assay was used to 128 
determine Fe(II) oxidation in the bioreactor as reported previously [20]. Finally, both the 129 
electrode surface and the spent salt medium containing planktonic cells was analyzed by 130 
JEOL JSM-7001 LVF field emission scanning electron microscopy (FE-SEM). In which, 131 
a piece (5 mm) of the graphite cathode or the spent medium from the bioreactors was fixed 132 
in 2% glutaraldehyde in 100 mM sodium cacodylate buffer for 5 h. Fixed graphite cathodes 133 
were gently rinsed with 100 mM cacodylate buffer followed by dehydration washing with 134 
a series of ethanol for 10 mins (30, 50, 70 and 100%). Finally, the dehydrated microbial 135 
cathode samples were sputter coated with a thin gold layer to perform SEM imaging and 136 
Electron Dispersive Spectroscopy (EDS). 137 
 138 
2.3. Electrochemical modification of graphite cathodes  139 
Graphite rods (GR, 5.149 cm2, spectroscopically pure graphite, SPI supplies) were used as 140 
substrate electrodes for Prussian blue (PB, Fe4[Fe(CN)6]3 · xH2O) electrodeposition in a 141 
three-electrode configured electrochemical cell as described above. Electrochemical 142 
deposition was performed using a bath containing 10 mM K3[Fe(CN)6], 10 mM 143 
FeCl3.6H2O and 10 mM HCl (Fig. S1). Electrodeposition of PB was carried out at a constant 144 
potential of -300 mV for 180 seconds using the Gamry electrochemical workstation. The 145 
modified graphite electrodes were cyclically scanned between -0.1 V to 1.4 V at 50 mV/s 146 
in 0.1 M KCl for >30 times to maintain the electroneutrality and to enhance the stability of 147 
the voltammetric peaks [32]. Further, the PB-graphite electrodes were dip-coated with 0.5% 148 
chitosan solution and dried under N2 gas. Prior to use, the PB-chitosan (PB/Chit) coated 149 
graphite electrodes were immersed in deionized water for 4 h and gently rinsed to remove 150 
soluble ions on the electrode surface. In order to compare the effect of the PB modification 151 
on electron uptake by TIE-1, the working electrode was configured as an unmodified 152 
graphite rod (GR), a graphite rod coated with 0.5% chitosan (GR/Chit), and a graphite rod 153 
modified with PB and 0.5% chitosan (GR/PB/Chit). PB modified electrodes with no 154 
chitosan were not tested because of the possible detachment of the PB film in the bioreactor.  155 
Surface analysis of as-deposited PB complex was confirmed with SEM, EDS, X-ray 156 
photoelectron spectroscopy (Physical Electronics® 5000 VersaProbe II Scanning ESCA 157 
(XPS) Microprobe), and the thickness of PB layer was measured with a profilometer (KLA 158 
- Tencor Alpha - Step D - 100 Profilometer).  159 
 160 
2.4. Bioelectrochemical experiment with modified electrodes 161 
To measure the current response, Chronoamperometry (CA) analysis was conducted for 162 
130 h at the constant applied potential of +100 mV. The optical density at 660 nm (Hand 163 
held OD scanner BEH100, Bug Lab, CA 94521, USA; Measures 0-30 OD units without 164 
needing a dilution) was measured during the electron uptake experiment with TIE-1 at 0 h 165 
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and 130 h. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) of TIE-1 166 
on different graphite electrodes was performed using a potential scan from -100 mV to 167 
+900 mV. The midpoint redox potential from CV was calculated from the average of E’pa 168 
(anodic peak potential) and E’pc (cathodic peak potential), i.e., (E’pa+E’pc)/2. 169 
Electrochemical impedance spectroscopy (EIS) was performed at +100 mV in the 170 
frequency range of 1 MHz to 10 mHz with a perturbation voltage of 10 mV. Further, the 171 
obtained EIS data were fitted by ZSimpwin 3.10 software (Echem, US) with the appropriate 172 
equivalent circuit to derive the value of circuit components. Potentiodynamic polarization 173 
(Tafel) of electrodes with biofilms were performed from -250 mV (cathodic reduction) to 174 
+ 250 mV (anodic oxidation) at 0.5 mV/s. Tafel parameters was derived from extrapolating 175 
the linear portions of logarithmic current (anodic and cathodic region) versus potential back 176 
towards their intersection. Field Emission-SEM was used to characterize the microbial 177 
attachment on graphite cathodes, and the sample preparation for imaging was as described 178 
above. 179 
 180 
3. Results and discussion 181 

3.1. Electrotrophic characteristics of TIE-1 in response to addition of soluble Fe(II)  182 

To understand the effect of soluble Fe(II) on electron uptake from poised electrodes (solid 183 
electron donor) by TIE-1, an unmodified graphite cathode was poised at +100 mV vs. SHE 184 
in presence of 6.32 ± 0.02 mM soluble FeCl2 under both abiotic (No cells) and biotic (TIE-185 
1 cells) conditions for 152 h. On addition of FeCl2, the cathodic current changed to anodic 186 
current (Fig. 1a). The peak anodic current was noted for the abiotic (FeCl2 only) and biotic 187 
systems (FeCl2 + TIE-1) as 21.18 ± 2.2 µA/cm2 (total current, 3.498 ± 0.28 mA h) and 188 
17.61 ± 1.3 µA/cm2 (2.594 ± 0.11 mA h), respectively (Fig. 1a, b).  189 
 190 

"Here Fig. 1" 191 
 192 
This effect was clearly observed from the cyclic voltammetry of both the abiotic (FeCl2) 193 
and biotic (FeCl2 + TIE-1) systems on 0 h and 152 h at the potential of +100 mV (Fig. 1c, 194 
d). This confirms that the oxidation current of Fe(II) occurs at the peak potentials around 195 
0.3 and 0.1 V, and supports electrochemical oxidation of Fe(II) to Fe(III) during the 196 
chronoamperometry condition. Further, the potential at 0.3 V (Fig. 1c) in the presence of 197 
FeCl2 (at 0 h) shows the maximum current of 300 µA/cm2 which is a significant oxidative 198 
peak. This peak current was lowered to around 144 µA/cm2 at 152 h (difference 154 199 
µA/cm2). The change in the magnitude of the oxidation current at two intervals (0 h and 200 
152 h) indicates the electrochemical oxidation of Fe(II) to Fe(III). Moreover, in the abiotic 201 
system, the change in anodic or oxidation current was 154 ± 7 µA/cm2 compared to 105 ± 202 
16 µA/cm2 in the biotic system at the interval of 0 - 152 h. Overall, the presence of TIE-1 203 
cells lowers the observed anodic current. This confirms that the electrode mediates Fe(II) 204 
oxidation. This effect is perhaps due to the continued ability of TIE-1 cells to directly 205 
uptake electrons from the poised cathode, thus competing for the electrode surface. 206 
Chronoamperometry on biotic graphite electrodes with no added Fe(II) confirms that TIE-207 
1 accepts electrons from unmodified electrodes as reported previously (-1.39 ± 0.02 208 
µA/cm2; Fig. 1a) [21]. SEM – EDS on both the abiotic and biotic reactor electrode surface 209 
as well as the spent medium showed the presence of iron oxides similar to Ferrihydrite (Fig. 210 
2, Fig. S2, Fig. S3, Fig. S4). Fig. S3 shows the SEM image of spent medium containing 211 
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planktonic cells with sheet like Ferrihydrite formation in dissolved Fe(II) reactor (TIE-1→ 212 
FeCl2, biotic system), and the elemental map confirms the oxides of iron surrounding TIE-213 
1 cells. In the biotic system, the competition between Fe(II) and TIE-1 for the electrode 214 
surface was corroborated by SEM imaging of the BECs where TIE-1 cells were exposed to 215 
both a poised cathode and Fe(II) (FeCl2+ TIE-1) (Fig. 2a-a’ and Fig S2a-b). This 216 
competition between TIE-1 and Fe(II) for the electrode surface is perhaps due to 217 
electrochemical oxidation of Fe(II) and photoelectroautotrophy by TIE-1 occurring 218 
simultaneously on the poised electrode (cathode) surface. SEM images show that TIE-1 219 
cells attach to areas devoid of iron oxides (Fig. 2a-a’ and Fig S2a-b).  220 

In a parallel experiment, we grew TIE-1 cells in poised reactors for 77 h before 221 
Fe(II) addition (TIE-1 → FeCl2). SEM images of these electrodes show that cells already 222 
attached to the graphite electrodes get coated with iron oxides post Fe(II) addition (Fig. 2b, 223 
b’).  Overall these data suggest that Fe(II) gets oxidized by an electrode poised at +100 mV 224 
vs. SHE. These data also indicate that TIE-1 and Fe(II) compete for the electrode surface 225 
for access to electrons. This is because the electrochemical oxidation of Fe(II) produces 226 
ferrihydrite (oxides of Fe(III)) on the electrode surface, which limits the accessibility of 227 
electrons to TIE-1. Ferrozine assays on abiotic and biotic reactors show that Fe(II) gets 228 
oxidized to Fe(III) in both cases (Table S1). Further, the electrochemical oxidation of Fe(II) 229 
at 0.1 V was also supported by the Ferrozine assay in which 19% Fe(II) was 230 
electrochemically oxidized to Fe(III). Due to this oxidation, the Fe(II) concentration was 231 
lowered to 81% (at 152 h) during chronoamperometry at 0.1V (Table S1). 232 
Chronoamperometry and Ferrozine assay indicate that there is a lower concentration of 233 
Fe(II) from the electrolyte due to electrochemical oxidation at 152 h. This effect was 234 
supported by the magnitudes of maximum peak current at two intervals from cyclic 235 
voltammetry (Fig. 1c, d). In the biotic reactors, 36% of the added Fe(II) is oxidized while 236 
in the abiotic reactors 19% of the added Fe(II) is oxidized. The higher Fe(II) oxidation in 237 
the biotic reactor is due to the concurrent effects of photoferroautotrophy and abiotic Fe(II) 238 
oxidation by the electrodes. It’s notable that complete Fe(II) oxidation is not observed in 239 
the biotic reactors even after 152 h of incubation suggesting that TIE-1 is using both the 240 
electrodes (photoelectroautotrophic process) and Fe(II) (photoferroautotrophic process) for 241 
electrons. These data clearly show that added Fe(II) cannot serve as a redox mediator to 242 
enhance cathodic electron uptake by TIE-1. In fact, Fe(II) competes with TIE-1 for the 243 
electrode surface as a source of electrons. 244 
 245 

"Here Fig. 2" 246 
 247 

3.2. Characterization of the Prussian blue complex on graphite in abiotic systems 248 

Cyclic voltammetry was used to characterize the electrochemical activity of the PB 249 
modified graphite cathode. Fig. 3a shows the scan rate dependent cyclic voltammetry 250 
behavior of PB with the typical characteristics of their redox peak pairs and agrees with 251 
reported results [33]. A redox peak center located at 0.42 V is due to the electrochemical 252 
transformation of PB to Prussian white (PW), while a redox peak at 1.07 V corresponds to 253 
the transformation of PG (Prussian green) to PB. The related electrochemical reaction 254 
occurs due to an electron transfer between the Fe(II) and Fe(III) site of the complex as 255 
shown below (eqn. 1, 2) [33,34]. 256 
 257 
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 258 
KFeIII[FeII(CN)6] + e- + K+   ↔ K2FeII[FeII(CN)6] ......(1)   E0 = 0.42 V 259 
PB                                                      PW 260 
 261 
KFeIII[FeIII(CN)6] ↔ KFeIII[FeII(CN)6] + e-  ….………… (2)  E0 =1.07 V 262 
PG                                         PB 263 
 264 
The anodic and cathodic peak current ratio (Ic/Ia) of each of the redox peak potentials 265 
centered at 0.42 V and 1.07 V were 1.15 ± 0.02 and 1.01 ± 0.01, respectively. A value close 266 
to 1 indicates that the PB modified electrodes demonstrate an electrochemical redox 267 
reaction that is reversible at the graphite electrode surface [34]. Also, the peak potential 268 
differences (∆E) of each redox pair was in the range of 87 mV to 142 mV, which is in 269 
agreement with previous studies [35]. The plot (data not shown) of peak current (anodic 270 
and cathodic) linearly increased with the square root of the scan rate (0.997 correlation 271 
coefficient). This indicates that the electrochemical process is controlled by diffusion. The 272 
reversibility of PB (ferric polynuclear complex) and PW (ferrous polynuclear complex) is 273 
an important characteristic for using these chemicals as redox mediators for TIE-1. Because 274 
many biological surfaces exhibit only slow heterogeneous electron transfer at the solid 275 
electrode surfaces, redox mediators (e.g., Prussian blue, Neutral red, Thionine, methylene 276 
blue, etc.) are used to facilitate the electron transfer between biological surfaces (e.g., 277 
microorganisms) and abiotic electrode surfaces [36-39].  These redox mediators can be 278 
electrochemically regenerated to transfer electrons to microorganisms. At the potential <0.4 279 
V, Prussian blue (K2FeII/III[FeII(CN)6]) shows reversibility of the ferrous–ferric state in the 280 
outer iron complex. The reduced form of Prussian white (PW), (K2FeII[FeII(CN)6]) consists 281 
of the ferrous state in the outer iron complex, which can donate electrons to 282 
microorganisms. The poised electrodes can then regenerate the outer ferric ion complex by 283 
cathodic reduction. The electrochemical deposition strategy of the Prussian blue (PB) 284 
complex is well characterized in biosensor applications [40-42]. In addition, here we 285 
characterized the deposited PB on graphite using surface analytical techniques such as 286 
Scanning Electron Microscopy (SEM), X-Ray Photon Spectroscopy (XPS), EDS, and 287 
thickness measurements using SEM and a profilometer.  288 
 289 

"Here Fig. 3" 290 
 291 

The electrochemically deposited PB complex was further studied using surface 292 
analytical techniques such as SEM and XPS (Fig. 3b and Fig. 3c, d). The structure of the 293 
PB matrix and elemental composition could potentially influence biofilm formation and 294 
microbial electroactivity. Fig. 3b shows the SEM of PB deposited on graphite. We saw that 295 
PB was deposited as nanoparticles with a size of 70-130 nm and formed a layer (thickness 296 
of 670-729 nm). These PB nanoparticles can maximize the contact of microbes with the 297 
graphite surface. Further, to confirm the elemental composition of the electrodeposited PB, 298 
XPS analysis was performed. Fig. 3c shows the full range XPS spectrum of the PB 299 
complex, which consists of main peaks such as N 1s, C 1s and Fe 2p that can be clearly 300 
seen.  301 
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 Also, deconvoluted XPS spectra for Fe 2p (Fig. 3d) indicate the oxidation states of 302 
Fe in the PB complex. We observe that Fe 2p is composed of two groups of peaks namely, 303 
Fe 2p3/2 (at a lower binding energy) and Fe 2p1/2 (at higher binding energy).  304 
The peaks at 708.8 eV (Fe2p3/2) and 721.7 eV (Fe2p1/2) can be correlated to the presence 305 
of Fe(II). The peaks at 713.1 eV (Fe2p3/2) and 723.7 eV (Fe2p1/2) can be assigned to Fe(III). 306 
Based on the results obtained from XPS, the electrodeposited complex can be assigned as 307 
insoluble PB complex with a formula of PB as Fe4III[FeII(CN)6]3 [43-45]. 308 
 309 
3.3. Cathodic current uptake by TIE-1 from PB modified electrodes 310 
The redox reversibility of the PB complex modified electrode was confirmed with CV 311 
analysis prior to use in bioelectrochemical studies (Fig. 4a). After inoculating TIE-1 in the 312 
bioreactor, the cathodic current was measured with unmodified graphite (GR-TIE-1), 313 
graphite with chitosan (GR/Chit-TIE-1), and graphite with PB/chitosan (GR-PB/Chit-TIE-314 
1) electrode (Fig. 4). In all cases, the “no cell” control reactor did not show any significant 315 
current uptake over the operation period. However, TIE-1 inoculated systems showed the 316 
ability of cathodic current uptake within 24 h in all biocathodes. The maximum cathodic 317 
current (Imax) uptake by TIE-1 was 5.6 ± 0.09 µA/cm2 (GR/PB/Chit-TIE-1) > 1.61 ± 0.15 318 
µA/cm2 (GR/Chit-TIE-1) > 1.47 ± 0.04 µA/cm2 (GR-TIE-1). This indicates that the 319 
chitosan-modification alone only slightly improved current consumption compared with 320 
unmodified graphite. However, the PB modified electrode significantly enhanced the 321 
electron uptake by TIE-1 (up to 3.8 times). This effect was comparable with the cathodic 322 
electron uptake by E. coli using cathodes modified with cytocompatible electron mediators 323 
composed of redox polymers (7.8 µA/cm2) [46]. The total quantity of current consumption 324 
(Fig. 4d-e) was assessed as -1.74 ± 0.03 mA h (for GR/PB/Chit-TIE-1), which is ~3.2 times 325 
higher than the unmodified (-0.53 ± 0.01 mA h) and the chitosan modified graphite cathode 326 
(-0.61 ± 0.05 mA h). The observed planktonic OD660 supports this trend; 0.023 327 
(GR/PB/Chit-TIE-1), 0.014 (GR/Chit-TIE-1), and 0.014 (GR-TIE-1). Based on the 328 
molecular formula of cell biomass (CH2.08O0.53N0.24, molecular weight of 26 g/mol), 1 C-329 
mole of biomass is equivalent to 4 mole of electrons [47-49]. It was reported that total 330 
electron moles captured in cell biomass can be calculated (e.g., model anaerobic acetogenic 331 
bacterium Moorella thermoacetica culture, 1 OD equivalent to ∼0.46 g dry cell weight/L) 332 
in terms of OD. The relationship between electron uptake and biomass in terms of OD were 333 
reported as (4.3 mol e- x OD x 4.6 g dry cell L-1) /26 g mol-1 [47]. Using this formula, in 334 
our system the total mole electrons captured by cell biomass in terms of observed OD will 335 
be 0.175 mol e- (GR/PB/Chit-TIE-1), 0.0107 mol e- (GR/Chit-TIE-1), and 0.0107 mol e- 336 
(GR-TIE-1). 337 
 338 
 339 

"Here Fig. 4" 340 
 341 

CV and DPV were performed to characterize the bioelectrochemical redox activity 342 
of TIE-1. Fig. 5a-c shows the CV of modified and unmodified biocathodes compared with 343 
sterile cathodes at a scan rate of 5 mV/s. The midpoint redox potentials (Ep’ and Ep”) of 344 
GR-TIE-1, GR/Chit-TIE-1 or GR/PB/Chit-TIE-1 (Fig. 5a-c) are 0.187 V (Ep’), and 0.295 345 
V (Ep”), which is closely related to the midpoint redox potential reported previously for 346 
TIE-1 [21]. Interestingly, the PB complex modified biocathode (Fig. 5c) retains the two 347 
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midpoint redox potentials of TIE-1 at 0.187 V and 0.295 V. The improved redox current 348 
was observed at 0.295 V due to the reversibility of PB (Fig. 5c). Although CV is an essential 349 
characterization technique to detect redox reactions that occur at the electrode surface, it 350 
has a low detection limit [50-52]. Pulse voltammetry techniques have frequently been used 351 
as complementary methods to CV. For pulse voltammetry techniques, the charging current 352 
can be lowered, and this lends higher sensitivity to our ability to measure Faradaic current 353 
at the redox signal [53,54]. Differential peak current (∆I) at the redox signal (background 354 
current subtracted signal) was derived from the differential pulse voltammogram (Fig. 5d-355 
f) to measure the biofilm’s electroactivity. In all biocathodes, DPV consistently exhibits 356 
redox signals (Ep’ and Ep”) with the redox potential of 0.187 V and 0.295 V as seen in the 357 
CV results. Also, the redox signal (Ep) at 0.295 V shows the peak differential current (∆I) 358 
of 88.4 µA/cm2 for the GR/PB/Chit-TIE cathode (Fig. 5f). This is 7.6 times higher than the 359 
unmodified biocathode (11.4 µA/cm2, GR-TIE-1), and is 5.9 times higher than chitosan 360 
modified biocathode (14.8 µA/cm2, GR/Chit-TIE-1).  361 
 362 

"Here Fig. 5" 363 
 364 

Further, the DPV results support that the PB complex acts as an immobilized 365 
electron transfer mediator for TIE-1. The redox peak current is directly proportional to the 366 
concentration of electrochemically active molecules at the surface of the cathode. The 367 
surface covered electroactive sites in the biocathodes were calculated from the CV results 368 
by integrating charge under either the anodic or cathodic peaks. The surface coverage of 369 
electroactive moieties per unit area of the biocathode was 2.360 x 10-10 mol/cm2 for 370 
GR/PB/Chit-TIE-1, 3.0624 x 10-11 mol/cm2 for GR/Chit-TIE-1 and 1.7923 x 10 -11 mol/cm2 371 
for GR-TIE-1 respectively [55,56]. Based on the surface coverage value, the PB complex 372 
modified biocathode promotes the electroactivity of the biofilm by one order of magnitude 373 
compared to the unmodified and chitosan modified biocathodes per unit area. It should be 374 
further noted that chitosan has positively charged terminal groups, which may help enhance 375 
the surface functionality by attracting bacteria, and providing a microenvironment for 376 
biological reactions at the biocathode [53,57,58]. The biocathodes were scanned from 0.1 V 377 
to 0.6 V at different sweep rates from 1 to 5 mV/s in a cell-free medium solution (Fig. 6a-378 
c). This CV study (Fig. 6a-c) is to confirm that the redox activity of the biocathode is due 379 
to surface-attached redox molecules and not from the medium or electrolyte. In order to 380 
measure the redox activity of the biocathode with attached TIE- and not the plankton, the 381 
spent medium and the plankton was replaced with fresh cell-free medium to perform CVs. 382 
We observed that the mid-point potential of all biocathodes with attached TIE-1 retained 383 
their midpoint redox potentials as seen in the previous CVs of the bioreactors. A slight 384 
redox potential shift (15-20 mV) was observable perhaps due to the addition of fresh 385 
medium. The biocathode peak currents (anodic or cathodic) increased linearly with an 386 
increase in sweep rate (Fig. 6d). The linear correlation (R2= 0.999) of peak currents with 387 
the sweep rate indicates that the biocathode used a surface or diffusion controlled 388 
bioelectrochemical reaction [56,59]. This might be due to the effect of the electron transfer 389 
mediator at the bio-interface. Further, the spent medium (cells free) of all reactors were 390 
analyzed for any dissolved redox ions (e.g., PB complex) or any self-excreted redox 391 
component from TIE-1 using voltammetry techniques such as CV (Fig. 6e) and DPV (Fig. 392 
6f) with glassy carbon as working electrode [22]. The results reveal that no obvious redox 393 
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peaks exist in the potential region of 0.2 to 0.3 V in the spent medium. This confirms that 394 
the PB complex modified biocathode does not shed PB during the experiments, and that 395 
PB is surface confined when covered by a chitosan layer.     396 

 397 
"Here Fig. 6" 398 

 399 
 400 

 EIS characterization of the biocathodes was performed at the end of the EU 401 
experiment as shown in Fig. 7a. The EIS data were fitted into the equivalent circuit of 402 
R(Q(R(Q(RW)))) to derive the value of the circuit component [56,60]. The equivalent 403 
circuit consists of resistance offered by solution (Rs), constant phase element of Helmholtz 404 
and biofilm layer (Q), parallel to their respective charge transfer resistance across the 405 
Helmholtz layer (Rct), and the biofilm layer (Rbiofilm) followed by Warburg's diffusion 406 
element (W) and is shown as an inset in Fig. 7a. The values of the circuit components are 407 
listed in Table S2. When the cathode interacts with microbes (biofilm), the Rbiofilm value 408 
decreases gradually. The lower value of Rbiofilm implies a faster bioelectrochemical reaction. 409 
Based on the simulated equivalent circuit, the Rbiofilm value of the biocathodes was found 410 
to be 5143 ± 9.2 Ω (GR-TIE-1) >141.1 ± 2.2 Ω (GR/Chit-TIE-1) > 13.3 ± 2.8 Ω 411 
(GR/PB/Chit-TIE-1). The lower Rbiofilm value might be due to the GR/PB/Chit-TIE-1 412 
biocathode having an accelerated electrode reaction rate and higher current uptake as 413 
observed by CA and CV studies. Further, the lower Rbiofilm of the modified biocathodes 414 
(e.g., Chitosan or PB complex cathode) can be explained by the nature of the ionically 415 
conductive biopolymer chitosan, which will help the bacterial cells make electrochemical 416 
contact with the electrode. The cathodes modified with an electron transfer mediator (PB 417 
complex) will enhance electron donation to bacteria, further lowering the Rbiofilm. 418 
Potentiodynamic polarization (Tafel plots) of biocathodes was performed to evaluate the 419 
bioelectrochemical kinetics of surface bound redox probe, or PB modified cathodes with 420 
TIE-1 (Fig. 7b-c and Table S3). It indicates that the exchange current of GR/PB/Chit-TIE-421 
1 was 10.3 ± 0.07 µA, which is about ten times higher than the unmodified biocathode 422 
(1.05 ± 0.02 µA, GR/TIE-1), and five times higher than the chitosan-based biocathode (1.9 423 
± 0.02 µA). The value of exchange current (I0) supports the current uptake trends observed 424 
in the EU and CV experiments. The biocathode potential at the intersection of the anodic 425 
and cathodic region for GR/PB/Chit-TIE-1 has a higher cathodic value (+45 mV) compared 426 
with the other biocathodes. The lower value of the anodic (βa = 62.3 mV/dec) and cathodic 427 
(βc = 197.2 mV/dec) slope can be attributed to the enhanced reaction rate of extracellular 428 
electron transfer at the biointerface of the GR/PB/Chit-TIE-1 biocathode.  429 

Based on electrochemical analysis, the enhanced performance of PB based 430 
biocathodes is due to the reversible redox reaction between PB (Ferric polynuclear 431 
complex) and PW (Ferrous polynuclear complex). At the cathodic reduction potential of 432 
+100 mV, the electrode surface bound with the PW is able to donate electrons continuously 433 
to TIE-1. Further, the microbially oxidized PB is cyclically reduced to PW by the poised 434 
potential enhancing extracellular electron transfer to TIE-1, and biomass production from 435 
CO2 (Fig. S1). From SEM images, it is evident that the attachment ability of TIE-1 clearly 436 
improved on the modified graphite cathode compared to the unmodified electrode (Fig. 437 
S5). Further, both modified cathodes consist of a network of chitosan, which appears to aid 438 
microbial attachment as supported by the higher current density utilized by TIE-1. The 439 
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chitosan (biopolymer) is used to enhance the microbial attachment that we clearly see from 440 
SEM images of GR/Chit/TIE-1 (Fig. S5c). However, the electron uptake with and without 441 
chitosan shows similar values, which is likely due to the lack of redox active or mediator 442 
molecules in the chitosan. Although more cells attach to the GR/Chit-TIE-1 electrodes, 443 
because chitosan is not electrochemically active, improved attachment of cells to chitosan 444 
does not lead to higher electron uptake. The GR/PB/TIE-1 (no chitosan) was avoided due 445 
to potential issues of detachment/dissolution of PB without chitosan. The chitosan network 446 
holds the PB layer and provides an immobilized surface for microbial attachment (Fig. 447 
S5d). The “with and without chitosan” controls clearly show that microbial uptake is 448 
unaffected by the presence or absence of chitosan, further supporting the fact that chitosan 449 
does not affect microbial electron uptake significantly. 450 

 451 
"Here Fig. 7" 452 

 453 
3.4. Implications on future MES studies 454 
This work emphasizes that the PB modified graphite electrodes enhance electron uptake 455 
(cathodic reduction current) by 3.8 – fold with respect to current density (0.0568 ± 0.09 456 
A/m2) when compared to unmodified graphite. However, this electron uptake is not 457 
observed when we add Fe(II) to the system (Table 1). Further, the dissolved Fe(II) added 458 
to the medium is electrochemically and/or biologically oxidized to Ferrihydrite (oxides of 459 
Fe(III)) at the surface of the electrode as well as on the TIE-1 cell surface (Fig. 2, Fig. S2, 460 
Fig. S3 & Fig. S4). This oxidation was supported by lower anodic current with the biotic 461 
system (FeCl2+TIE-1, 17.61 ± 1.3 µA/cm2) than with the abiotic system (FeCl2, 21.18 ± 462 
2.2 µA/cm2) from Table 1. This lower anodic current in the biotic system (FeCl2+TIE-1) 463 
can be the effect of lower electrochemical oxidation of Fe(II). Biotic reactors with Fe(II) 464 
showed anodic current in contrast to those coated with PB-Chitosan (GR/PB/Chit-TIE-1) 465 
that showed higher cathodic current than unmodified graphite electrodes (GR/TIE-1). 466 
 467 

"Here Table 1" 468 
 469 
 Recently many researchers have explored the importance of direct electron uptake 470 
and utilization of electrons from various biocathodes in MESs for biofuel production 471 
[3,61,62]. MESs mimic the process of natural autotrophy by using carbon dioxide as a 472 
carbon source for biosynthesis [62]. In MES applications, a surplus amount of electron 473 
uptake is required to reduce carbon dioxide to biofuels/biochemical in contrast to the 474 
utilization of already reduced carbon sources as feedstocks (eg., sugars, glycerol) [62]. Our 475 
modified biocathode with TIE-1 (GR/PB/Chit-TIE-1) showed a reproducible increase in 476 
electron uptake (3.2- fold higher for current consumption, -0.593 ± 06 mA h to -1.74 ± 0.03 477 
mA h, and 3.8-fold higher current density 1.47 ± 0.04 to 5.6 ± 0.09 µA/cm2).  This effect 478 
can play a significant role in direct electron transfer strategies (biocathode poised at which 479 
no H2 production) in the field of MES [63]. For context, in a recent study authors showed 480 
that changing the electrode material to graphite felt and increasing the time of operation of 481 
a BEC with Clostridium pasteurianum increased both current density (-1.5 ~ -5 mA or -14 482 
µA/cm2 ~ -46 µA/cm2, 3-fold increase) and biobutanol production from glucose +45 mV 483 
vs. SHE (6-fold increase) [62]. This improvement in current density is in the range of what 484 
we report here for direct electron uptake by TIE-1 using a PB modified electrode. The 485 
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increase in current density also led to increased biomass (2-fold higher) which is the first 486 
step toward improving bioproduction using TIE-1. This work also clarifies the influence of 487 
soluble and insoluble iron forms on electron uptake by TIE-1, paving the way for 488 
understanding the mechanisms underlying electron uptake. Such mechanistic insight is also 489 
crucial for future MES application. Future work will explore the use of natural iron oxides 490 
coated electrodes as potential redox mediators for TIE-1. 491 
 492 
4. Conclusions 493 
In summary, electrodes modified with the redox complex Prussian blue (PB) improved 494 
electron transfer to the photoelectroautotroph, Rhodopseudomonas palustris TIE-1. The PB 495 
complex based biocathode showed increased cathodic current density (5.6 ± 0.09 µA/cm2), 496 
which is 3.8 times higher than the unmodified biocathode. A higher current uptake capacity 497 
(-1.744 ± 0.03 mA h for 130 h), and lower charge transfer resistance of the PB based 498 
biocathode (Rbiofilm, 20.6 ± 2.8 Ω) suggests that the reversible redox nature of the PB 499 
complex acts as an electron transfer (ET) agent. Our results indicate that the modified 500 
biocathode offers an advantage to TIE-1 grown under photoelectroautotrophic conditions 501 
by increasing electron transfer rates and current density. TIE-1 is a prime candidate for 502 
microbial electrosynthesis, and these modified electrodes will aid higher bio-production of 503 
value-added biochemicals.  504 
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Tables: 705 

Table 1. Summary of anodic or cathodic current (n=3) with different systems at a poised potential 706 
of +100 mV vs. Standard Hydrogen Electrode  707 

Note: Positive values of current indicate anodic oxidation and Negative values of current indicate cathodic reduction or electron uptake 708 

 709 

 710 

 711 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

 Systems Total current 
(mA h) 

Average peak current 
(µA/cm2) 

Control (no FeCl2, no cell) -0.0372 ± 008 -0.0887 ± 0.03 

FeCl2 (no cell) 3.498 ± 0.28 21.18 ± 2.2 

FeCl2 + TIE-1 2.594 ± 0.11 17.61 ± 1.3 

GR-TIE-1 -0.593 ± 06 -1.47 ± 0.04 

GR/Chit-TIE-1 -0.4859 ± 002 -1.61 ± 0.15 

GR/PB/Chit-TIE-1 -1.7439 ± 002 -5.6 ± 0.09 
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Figure captions: 725 

Fig.1. Effect of FeCl2 containing freshwater (FW) medium on Electron Uptake (EU) using 726 
unmodified graphite cathodes. Chronoamperometry (a); and the total current capacity (b) 727 
of abiotic (control), TIE-1 (biotic) followed by addition of FeCl2 (TIE-1 → FeCl2, biotic), 728 
FeCl2(control) and FeCl2 + TIE-1(biotic) on an unmodified graphite electrode at a poised 729 
potential of +100mV vs. Standard Hydrogen Electrode (SHE) for 152 h under N2/CO2. 730 
Standard deviation of replicated data (n=3) is shown. Cyclic voltammetry (5 mV/s) 731 
characteristics of added FeCl2 in the abiotic (c); and biotic (d) system at the end of EU 732 
experiment. 733 

Fig. 2. SEM images of graphite cathode at the end of the EU experiment with dissolved FeCl2 in 734 
FW medium. (a, a’) Biotic system (FeCl2 + TIE-1) ; (b, b’) Biotic system (TIE-1 → FeCl2); 735 
and (c, c’) abiotic system (FeCl2). EDS (Electron Dispersive Spectroscopy) of square 736 
region is shown corresponding to the respective SEM images (a”, b” and c”). 737 

Fig. 3. (a) Cyclic voltammetry of redox complex (PB) deposited graphite electrode in 0.1 M KCl 738 
at different scan rates; PB - Prussian blue, PW - Prussian white, PG - Prussian green; (b) 739 
SEM image of PB on graphite (insert: higher magnification image); (c) X-ray 740 
photoelectron spectroscopy (XPS) of PB complex; and (d) Fe 2p XPS of PB complex. 741 

Fig. 4. Chronoamperometry of abiotic (control) and biotic (with TIE-1) graphite electrodes at 742 
poised potential of +100mV vs. SHE for 130 h under N2/CO2. Standard deviation of 743 
replicated data (n=3) were shown for Current density vs. Time (a, b, c); and Total current 744 
vs. Time (d, e, f). 745 

Fig. 5. Representative cyclic voltammetry (a, b, c) of abiotic (control) graphite cathodes and biotic 746 
(with TIE-1) graphite electrodes were recorded in FW medium at a scan rate of 5 mV/s 747 
under N2/CO2; Differential Pulse Voltammetry (Potential vs. Differential current, ∆I) of 748 
biotic (with TIE-1) graphite electrodes (d, e, f). 749 

Fig. 6. Scan rate dependence cyclic voltammetry of biotic (with TIE-1) graphite electrodes in 50 750 
mM PBS (pH7); unmodified biocathode (a), biocathode modified with chitosan (b), 751 
biocathode modified with chitosan - Prussian blue (c). Linear relationship of anodic (solid 752 
symbols) and cathodic (open symbols) peak current with square root of scan rate, γ1/2 (d). 753 
Cyclic Voltammetry (e) at a scan rate of 5 mV/s; and Differential Pulse Voltammetry (f) 754 
of cell-free spent medium (supernatant) at the end of EU experiment using a glassy carbon 755 
electrode.    756 

Fig. 7 (a) Electrochemical impedance spectra (Real Impedance, Z’ vs. Imaginary Impedance, Z”) 757 
of graphite cathodes with a TIE-1 biofilm at a set potential of +100 mV vs SHE and 758 
Potentiodynamic (Tafel plot, logarithmic current vs. potential) polarization of graphite 759 
cathodes with TIE-1 biofilms; (b) Open circuit potential before polarization; (c) 760 
polarization of cathode from -250 mV to + 250 mV from open circuit potential.  761 

 762 

 763 

 764 
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Figures: 765 

 766 

 767 

Fig. 1. 768 

 769 

 770 

 771 
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 773 

 774 
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Fig. 2. 780 
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Fig. 3. 790 
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Fig. 5. 809 
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Fig. 6. 817 
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Fig. 7. 822 
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Table S1. Ferrozine assay of FeCl2 dissolved medium at the end of 152 h EU experiment. 859 

 860 

 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

  873 

 Systems Time (h) Fe (II) Fe (III) 

mM % mM % 

FeCl2   0 6.32 ± 0.02 100 0 0 

FeCl2  152 5.11 ± 0.33 80.83 ± 5.2 1.21 ± 0.17 19.17 ± 2.7 

FeCl2 + TIE-1 152 4.07 ± 0.55 64.40 ± 8.6 2.25 ± 0.28 35.59 ± 4.5 
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Table S2. EIS circuit values derived from Rs(Q(Rct(Q(RbiofilmW)))) 874 

 875 

 876 

 877 

 878 

 879 

 880 

 881 

 882 

 883 

 884 

 885 

 886 

 887 

 888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

Graphite cathodes with 
microbe 

Rs, 
(Ω) 
 

Q, 
(Farad) 

Rct, 
(Ω) 

Q, 
(Farad) 

Rbiofilm, 
(Ω) 

W, 
(Ω) 

GR-TIE-1 2.494           0.0073      1.558           0.0077       5143            0.0002 
GR/Chit-TIE-1 2.208           0.0086      1.613           0.0012      141.1           0.0009 

GR/PB/Chit-TIE-1 1.067           1.03E-5        7.308           0.0133       13.3           0.0113         
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Table S2. Tafel parameter derived from Tafel plots shown in Figure 7c 898 

 899 

 900 

 901 

 902 

 903 

 904 

 905 

 906 

 907 

 908 

 909 

 910 

 911 

 912 

 913 

 914 

Graphite cathodes 
/ microbe 

Anodic electron 
transfer co-
efficient (βa)., 
mV/decade 
 

Cathodic 
electron co-
efficient (βa), 
mV/decade 

Exchange 
current density 
(I0), µA 

Potential at 
I=0, mV 

GR-TIE-1 281 ± 2.3 587.3 ± 2 1.05 ± 0.02 -271 ± 3 

GR/Chit-TIE-1 70.10 ± 1.7 288.9 ± 1.3 1.9 ± 0.02 -247 ± 5 

GR/PB/Chit-TIE-1 62.3 ± 2.2 197.2 ± 3.7 10.3 ± 0.07 +45 ± 3 



31 
 

 915 

 916 

 917 

Fig. S1 Schematic representation for the electrochemical deposition of Prussian blue on a 918 
graphite rod and the expected microbial reaction (a); Bioelectrochemical experimental setup (b). 919 

 920 

 921 

 922 

 923 

 924 

 925 
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 926 

 927 

Fig. S2 (a, b) SEM images of spent medium containing planktonic cells coated with amorphous 928 
Ferrihydrite in the biotic system (FeCl2 + TIE-1) and (c) abiotic system (FeCl2). (d) EDS 929 
(Electron Dispersive Spectroscopy) of portion circled in (a). 930 

 931 

 932 

 933 

 934 

 935 

 936 

 937 
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 938 

 939 

Fig. S3 SEM image of spent medium containing planktonic cells with sheet like Ferrihydrite 940 
formation in a biotic reactor where dissolved Fe(II) was added (TIE-1→ FeCl2, biotic system) 941 
(a), EDS spectrum corresponds to the yellow square area (b), Elemental map of Oxygen (c), and 942 
Iron (d). 943 

 944 

 945 

 946 

 947 

 948 

 949 

 950 

 951 

 952 
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 953 

Fig. S4. (a, b, c) Final time point SEM images of Ferrihydrite complex formation in an abiotic 954 
reactor (FeCl2, Abiotic) with dissolved Fe(II); (d) EDS spectrum that corresponds to the yellow 955 
square area in (c). 956 

 957 

 958 

 959 

 960 



35 
 

 961 

 962 

Fig. S5 SEM images depicting attachment of TIE-1 on different graphite electrodes; graphite 963 
alone (a, b); biocathodes modified with chitosan (c); and biocathodes modified with PB-Chitosan 964 
(d). 965 

 966 

 967 

 968 

 969 

 970 

 971 

 972 

 973 
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 974 

 975 

Fig. S6 SEM image of plain graphite electrode surface (a) and Prussian blue (PB) deposited 976 
surface (b); EDS analysis of plain graphite electrode (a’) and Prussian blue (PB) deposited 977 
surface(b’). The characteristic “Fe” elemental peak was observed in the PB deposited electrode 978 
surface (b’). This confirms the electrodeposition of PB on the graphite electrode surface. 979 
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