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Abstract

Fluorographite is a promising starting material for the synthesis of graphene and graphene oxides via
top-down exfoliation routes. C-F bonds in fluorographite can be chemically substituted to form graphene
oxides with tuned surface chemistry. However, most defluorination routes reported proceed via
fluorographene exfoliation from fluorographite followed by refluxing in organic solvents. Herein a
one-pot, biogenic and aqueous route to graphene oxide nanomaterials directly from fluorographite with
no pre-exfoliation step is demonstrated. Fluorographite incubation with the electroactive bacterial
species Geobacter sulfurreducens yields water-dispersible graphene oxide quantum dots and partially-
defluorinated graphene oxides as the main nanomaterial products in a single step. Biocatalysis at

ambient temperature and pH proceeds through direct surface contact with bacteria through C-F bond



cleavage, with fluorographite serving as the sole electron acceptor for exo-electrogenic respiration. This
bioexfoliation strategy presents a sustainable and green synthetic route to functionalised carbon

nanomaterials with tuneable size and surface properties under ambient conditions.
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1. Introduction

Fluorinated nanocarbons including fluorographenes have emerged as interesting materials for a variety
of applications ranging from supercapacitors [1] and battery materials [2,3] to perovskite solar cells [4].
Historically the fluorination of graphite to form graphite fluoride (“fluorographite”) produced excellent
solid lubricant materials [5]. Nowadays fluorographite and its exfoliated derivatives are of great interest
as composite materials in energy storage and conversion, catalysis and biosensing [6,7]. Though it was
initially described as a 2-D analogue of polytetrafluoroethylene, it is now known that fluorographene is
a reactive material suitable for the preparation of modified graphene materials [8—11]. This followed the
first exfoliation of fluorographene from the bulk fluorographite in 2010 [12,13], along with its
conversion to graphene under relatively mild conditions. The electrophilic carbons in fluorographene
are susceptible to reductive defluorination and/or nucleophilic substitution [14], allowing for a
remarkable variety of surface-modified or doped graphene materials to be prepared [6,10,15—17]. This
top-down approach usually involves ultrasonication starting from graphite fluoride to yield the
fluorographene, followed by reflux in organic solvents to eliminate fluorine and replace it with other
moieties (Figure 1 a) [8-10,15,18-20]. Aqueous media routes to modified nanocarbons with fewer
processing steps are therefore desirable, but are limited by the low water-solubility of the extremely
hydrophobic fluorographite precursor.

Electroactive bacteria, i.e., bacteria that can transfer electrons extracellularly, are capable of
exchanging electrons with solid materials including electrodes and oxides of metals such as Fe(III) [21].
These redox processes are commonly anodic, i.e. involving the transfer of intracellular electrons derived
from organic matter to an external electron acceptor, as found in iron-rich soils and the bioanodes of

microbial fuel cell systems [22-25]. However it is also possible to develop cathodic systems, where



electrons are transferred from extracellular solids to the cell interior. Examples of this include Fe(II)
oxidizing phototrophic bacteria, which can use Fe(Il)-rich minerals as the electron source for
anoxygenic photosynthesis [26,27]. When the capacity for extracellular electron transfer is applied to
the synthesis of GO derivatives, the so-called ‘bio-exfoliation’ of GO usually involves the oxidation of
dispersed graphite or graphene materials [28—30] where the starting material serves as the electron
donor. For Geobacter sulfurreducens and related species electrons derived from the respiratory chain at
the inner membrane are transferred to external solids via c-type cytochrome proteins which are localized
at the outer membrane and secreted in the form of conductive protein nanowires which can carry
electrons across long distances outside of the cell [22,31,32]. Another species of electroactive bacteria,
Shewanella oneidensis, has been shown to reduce nanocarbons such as graphene oxide (GO) via its own
extracellular respiratory machinery [33,34]. In both of these cases the extracellular solid serves as the
terminal electron acceptor. Biological redox pathways may therefore serve as versatile routes to drive
nanomaterial synthesis under mild conditions, including the synthesis of diverse nanocarbons with
varied surface chemistry.

We hypothesized (Figure 1 b) that the relatively labile C-F bonds in graphitic fluorides could
in principle serve as the electron acceptor for extracellular respiration by electroactive bacteria and hence
potentially be cleaved via biocatalysis under mild, biocompatible conditions. Such a direct
“bioexfoliation” route of bulk fluorographite to nanocarbons is unprecedented and would allow for the
versatile surface chemistry of graphitic fluorides to be exploited to prepare GO and heteroatom-doped
GO derivatives tailored to catalytic, imaging or biosensing applications under more sustainable

conditions than those presently employed.
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Figure 1. a) Illustrating a typical route to prepare GO nanocarbons from graphite fluoride precursors
using ultrasonication to form fluorographene followed by organic solvent treatments to cleave C-F
bonds. b) We present a one-pot biological route using the metabolic activity of electroactive bacteria to
simultaneously bioexfoliate and cleave C-F bonds in fluorographite, forming a range of GO and
fluorinated-GO nanocarbon products under ambient conditions in aqueous media.

In this work we present the simultaneous bioexfoliation and defluorination of bulk fluorographite to GO
and partially-fluorinated GO (fGO) based nanocarbons biocatalysed by the electroactive bacterium G.
sulfurreducens. The process operates at mild temperatures (35 °C) and at neutral pH, with no need for
fluorographene exfoliation through ultrasonication methods. We find superior defluorination
efficiencies with this biological method compared to previously reported abiotic routes applying
physical exfoliation of fluorographite followed by high temperature reflux in organic solvents. A range
of nanocarbons with tunable size, surface chemistry and fluorination degree are produced under aqueous
conditions in a one pot incubation with only the bacteria, an organic electron donor, and the
fluorographite as the presumed terminal electron acceptor for extracellular respiration. We show that
the process is metabolically-driven, demonstrating a previously unknown capacity for these bacteria to
biocatalytically cleave C-F. We propose a direct electron transfer mechanism from the bacteria to the

fluorographite by outer-membrane cytochrome proteins at the bacteria surface. Reductive cleavage leads
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to both defluorination and subsequent delamination of the graphitic starting material to produce valuable
nanocarbon products, including ultrasmall graphene oxide quantum dots (GQDs), f{GO nanoparticles
and fluorographene sheets. Our results show how a biocatalytic approach can streamline the synthesis

of nanomaterials with tailored physicochemical properties under ambient conditions.

2. Materials and Methods

2.1 Chemicals and Materials
Fluorographite (polymer, >61 wt. % F, Sigma Aldrich), sodium acetate (=99%), riboflavin (Vitamin

B2, >99%), sodium fumarate dibasic (>99%), ammonium chloride (>99.5%), potassium chloride
(molecular biology grade (> 99.0%), NaH,PO4 (BioReagent, >98%), NaxHPO4 (ACS. >99.0%), Na,SO4
(> 99.0%), MgCl,-6H,O (BioReagent) and CaCl,-2H,O (BioXtra, >99.0%) and cytochrome ¢ from
equine heart were purchased from Sigma Aldrich. BBL™ Yeast extract was purchased from BD
Biosciences. All chemicals were used as-received without further purification.

2.2, Culturing of G. sulfurreducens and Incubation with Fluorographite

G. sulfurreducens subsp. sulfurreducens strain PCA were anaerobically cultured in a modified
acetate-fumarate media (the full media composition is given in Supplementary Note 1 in the
Supplementary Information) from cryostocks stored in 20% glycerol at —80 °C. Cultures were grown
until the stationary phase, at which point the optical density at 600 nm (ODggo) was ca. 0.2 as measured
using ImL aliquots in quartz cuvettes via a dual-beam JASCO V-630 BIO spectrophotometer. The
measured ODgoo corresponds to a cell dry weight biomass of 0.66 g L' ODeoo™!, consistent with previous
reports for G. sulfurreducens [35]. Cells were harvested by centrifugation at 5000xg for 10 minutes to
pellet the bacteria followed by 3 washes with the desired incubation buffer. Minimal media contained
only buffer (PBS or bicarbonate, pH 6.8-7) and 10 mM acetate and G. sulfurreducens at an ODgg of 0.4
in the presence of fluorographite (5-10 g/L). This media was also supplemented with 10 uM riboflavin
as a redox shuttle in certain experiments as described in the main text. Biological replicates of the entire
experiment were carried out three times starting from fresh cryostocks. All samples were incubated in
darkness a thermostatic cabinet at 35 °C without agitation. Samples were regularly taken aseptically
using an anoxic syringe to check the pH and optical density. Bacterial viability in the presence of

flurographite was verified by adding 5 g/L of the powder to acetate-fumarate media, which did not affect
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the apparent ODsoo at ca. 0.2 after 3 days of growth. After the incubation the solution was centrifuged
twice at 5000xg for 20 minutes to pellet bacteria and insoluble precipitated material, followed by
treatment at 80 °C with 2% SDS and filter purification using 100 kDa MW cutoff Amicon® Ultra 15
mL filters to remove the incubation buffer and proteins. Experiments to demonstrate the presence of
cytochrome proteins produced by the bacteria skipped the SDS treatment and removed the incubation
buffer using 10 kDA MW cutoff Amicon® Ultra 15 mL filters while retaining the proteins and GQDs
prior to characterization. The precipitates were washed 5 times with ultrapure water to remove
incubation buffer and adherent biofilm prior to characterisation. Additional centrifugations at 20000xg
for 3 cycles were applied to the colloids for size-selection of the resulting nanoparticles before TEM
analysis. In all cases the final GQDs were concentrated to a volume of 5 mL in Millipore water using
Amicon® filters and stored at room temperature prior to characterisation. The overall yield of
bioexfoliated products, determined after oven-drying the products and unreacted starting material, was
found to be 35 = 5% based on 3 replicates after 9 days of incubation. This yield is comparable to previous
works using ultrasonication, solvothermal intercalation [36] and ball-milling approaches [37] to prepare
fluorographene.
2.3 Characterisation of fluorographite
UV-Visible spectroscopy characterisation

UV-Visible spectroscopy was carried out using a dual-beam JASCO V-630 BIO spectrophotometer
using quartz cuvettes. Spectra were taken of purified GQDs in ultrapure water or directly in the growth
media as described in the text. Pristine fluorographite was found to be nearly insoluble in water and was
suspended in a 10% ethanol/water solution. All measurements are baseline-corrected using the
dispersion medium as a blank.
Fluorescence spectroscopy characterisation

Fluorescence spectra were recorded on a Horiba Fluoromax® FM4 ET THERMO fluorimeter. GQDs
were diluted in ultrapure water or anhydrous ethanol as described in the text. Emission spectra were
recorded with an interval of 1 nm and a Snm entrance/exit slit bandpass. Fluorescence intensities are
presented after applying radiometric correction factors and normalised to the reference intensity to

account for light source fluctuations.



X-ray Photoelectron spectroscopy characterisation

Samples for XPS analysis were prepared by depositing powder (0.05g) in the case of pristine
fluorographite or precipitated material or by drop-casting purified GQD colloid solutions after dilution
in anhydrous ethanol and drying in air. p-Doped Si wafers (1-5 Q2-cm resistivity, Siltronix) were used
as substrates. XPS data were obtained using a NEXSA G2 (ThermoFisher Scientific) spectrometer using
an Al Ko X-ray source working at 1486.6 €V with a spot size of 200 um?. Survey spectra (0-1000 eV)
were acquired with an analyzer pass energy of 200 eV (1 eV/step, dwell time 10 ms); high-resolution
spectra used a pass energy of 50 eV (0.1 eV/step, dwell time 50-300 ms). Charge compensation using a
flood gun (P = 4x107 mbar) was applied to all powder preparations. The binding energies were corrected
to the position of the C 1 s spectral component at 284.8 eV assigned to C-C and C-H species. Spectra
were peak-fitted using commercial software (CasaXPS Version 2.3.25 PR1.0). Deconvolutions were
performed using U 2 Tougaard background subtraction in all cases. Peak areas used in quantitative
analysis were normalized by relative sensitivity factors provided by the manufacturer for atomic
percentage determination (C1s=1,01s=2.88, N 1s=1.68, F 1s =4.12).
Fourier transform infrared (FTIR) spectroscopy

FTIR measurements were performed using a JASCO FT/IR-4600 system. Dried power samples of
flurographite and bioexfoliation products were pressed into KBr pellets and analysed versus a baseline
of pure KBr. For all samples 35 scans were collected in the range of 4000 to 500 cm™.
Raman spectroscopy characterisation

Raman measurements were performed on drop-cast powders or GQD solutions dispersed in
anhydrous ethanol on Si wafers and drying at room temperature. Measurements were carried out on a
LabRAM HR Evolution from Horiba Scientific using a x100 objective with a 523 nm laser with a 10s
accumulation time at 1% laser intensity (0.15 mW power). The resulting spectra were deconvoluted
using CasaXPS Version 2.3.25 PR1.0.
Transmission Electron Microscopy imaging

TEM images were acquired using a JEOL JEM 2100 HR transmission electron microscope equipped
with a LaBg electron source with an acceleration voltage of 200 kV. A CCD Gatan Orius SC200D
camera was used for conventional imaging while a CCD Gatan UltraScan 1000XP camera was used for
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high-resolution images. Samples of purified GQDs were diluted in anhydrous ethanol and deposited by
drop-casting on copper grids coated with carbon/formvar films followed by air drying,.
Scanning Electron Microscopy imaging

SEM images were acquired using a JEOL JSM 7100 F electron microscope. Samples were prepared
by drop-casting powders or colloid solution directly on p-doped Si wafers and rinsing 3 times with
ultrapure water before drying in air followed by critical point drying and sputter-coating with gold prior
to imaging.
Atomic Force Microscopy imaging

AFM was performed on drop-cast samples deposited on Si wafers. Measurements were carried out in
semi-contact mode using an Ntegra NT-MDT AFM using NSG10 tips (NT-MDT) with a resonant
frequency of 47 — 150 kHz and a force constant of 37.6 N/m. The resulting images were analysed using
open-source software (Gwyddion® 2.65) using the following data processing operations: level data by
mean plane subtraction, shift mean value to zero and correct horizontal scars (strokes).

Fluoride Ion Detection

After incubation with electroactive bacteria the spent medium was crudely purified via centrifugation
to remove large particles and bacterial cells prior to measurement with a F 800 fluoride ion sensitive
electrode (ISE, supplied by WTW). The ISE was first calibrated with stock solutions of NaF with Total
ionic strength adjustment buffer (TISAB 1l solution, Thermofisher®) from 107-10° molar
concentrations. (TISAB II, Thermofisher®) was added 1:1 to samples to allow comparability with
standards.

3. Results and Discussion

To develop our method, we incubated fluorographite with a formula (CFx)n, x~1.1 (Figure 2 a) with G.
sulfurreducens in a minimal medium consisting of a buffer (PBS or bicarbonate buffer, pH 7)
supplemented with 10 mM acetate as the sole electron donor and fluorographite (5-10 mg/mL) as the
sole electron acceptor. 10 uM riboflavin was added as a redox shuttle [38], though this was not found
to be essential for bioexfoliation. Figure 2 a) shows the initial photograph directly after the reaction
tubes were prepared. The white fluorographite powder is extremely hydrophobic and less dense than the

liquid phase and floats at the liquid/gas interface. After 24h of incubation we identified regions of red



biofilm formation characteristic of G. sulfurreducens localised at the meniscus in contact with the
fluorographite (Figure 2 a). A noticeable darkening of the white fluorographite at the interface is also
evident along with a small amount of precipitation at the bottom of the tube. After 96 h of incubation
the floating powder is noticeably grey in color, with a black layer of material forming at the surface of
the liquid. No such changes were observed for the control tubes (Figure 2 a and Figure S1). The tubes
were incubated for a further 6 d prior to the purification of the dispersion. At this point the solution had
changed from the red color given by the G. sulfurreducens to a black-brown color consistent with

colloidal nanocarbon dispersions.

3.1 Characterisation of biogenic GO derivatives produced from fluorographite
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Figure 2 a) Representative photographs illustrating the evolution of fluorographite after incubation with
G. sulfurreducens cultures over the course of 5 days. The control tube incubated in the same medium
without bacteria is shown for reference and remained unchanged over the course of the experiment. b)
Biological replicate of the experiment at a 25 mL scale. The fluorographite starting material, colloid and
precipitate products are illustrated for clarity. ¢) Close up view of the fluorographite/media interface
from b). A proposed mechanism the reduction and subsequent bioexfoliation of the fluorinated material
through electron transfer from the electroactive bacteria at the interface is presented.

After incubation the reaction tubes contained a mix of colloidal dispersions of particles, precipitates

at the bottom of the tubes and unreacted fluorographite (a representative example is shown in Figure



2 b) with our proposed bioexfoliation mechanism in Figure 2 ¢). The unreacted starting material was
separated from the solution by pipetting and washed to remove salts and biomass prior to analysis. The
morphology of fluorographite consists of heterogeneously distributed fragments ranging from hundreds
of nm to microns in size based on SEM images (Figure 3 a and Figure S2 a). Energy dispersive X-ray
(EDS) mapping of the pristine material confirms the given C:F ratio of 1:1.1 (Figure S3). After
removing the starting material, the colloid and precipitates were separated from one another by
centrifugation and washing steps as described in the methods section. The total yield of bioexfoliated
material was estimated at 35 + 5% when harvested after 9 days of incubation. Henceforth we will focus
on the characterisation of the dispersions, which contain exclusively defluorinated GQDs; the
precipitates which are made up primarily of fGO materials with varied F content and morphology are
characterized separately in Supplementary Note 4.

Drop-casting of the colloid taken directly from the reaction tubes of G. sulfurreducens treated samples
onto silicon wafers after biomass removal reveals a mix of large aggregates and finer particles (tens of
nm) as shown in Figure 3 b-c¢ and Figure S2 b-d. EDS mapping of these smaller particles shows that
they are composed of nearly equal atomic-% C and O with an apparent total absence of fluorine (Figure
S4 and Table S4). AFM measurements of the drop-casted particles yield step height estimates on the
order of 3-4 nm (Figure 3 d-e with additional data presented in Figure S5). These results strongly
suggest that incubating fluorographite with G. sulfurreducens results in both its defluorination and
exfoliation to form carbon nanomaterials. To further confirm that defluorination occurred, we analysed
the spent incubation medium after the bacterial treatment via fluoride-sensitive potentiometry (Figure
S6). Results showed high mM concentrations of fluoride in bacteria-treated samples, with negligible

concentrations measured for the pristine fluorographite.



3.2 Spectroscopic Characterisation of Biogenic Nanocarbons

The colloidal materials were further separated from larger particles by centrifugation at 20000xg and
spin filtration using 10kDa MW filters as outlined in the methods. These GQDs were imaged by TEM
(Figure 3 f, h, i), confirming the presence of nanoparticles < 10 nm in size. The histogram of particle

sizes (Figure 3 g) gives an estimated average particle size of 3 =1 nm, similar to height profiles
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Figure 3. SEM images of a) fluorographite starting material b) — ¢) fluorographite after 7 days of
incubation with G. sulfurreducens. d) AFM image of GQDs deposited on Si wafers. The height profile
along with red line in d) is given in e). f) HRTEM images of purified biogenic GQDs. g) histogram of
GQD particle sizes estimated by measuring 100 GQDs across different areas of the TEM grid. h)- i)
HRTEM images of GQDs. The inset in i) shows a HRTEM image of a single GQD showing its
crystallinity and interplanar spacing of ~0.24 nm derived from the intensity profile j) taken along the

white line in i).
measured via AFM and consistent with GQDs. Fringes evident in high-resolution TEM (Figure 3 h, i)

confirm the crystallinity of the particles; an interplanar spacing of ~0.24 nm is observed as shown in

Figure 3 j, consistent with the expected value for the (1120) plane of graphite [39].



The colloidal dispersions after the removal of cells and spin filtration with 10 kDa MW cutoff filters
retained the distinct pale red color characteristic of G. sulfurreducens cultures (Figure S7 a), which
suggests the presence of cytochrome proteins. BCA assays confirmed ca. 50 pg/mL protein remaining
in GQD solutions after the removal of cells and biomass by centrifugation. UV-Visible spectroscopy on
these crude products (Figure S7 b) showed features characteristic of c-type cytochromes. These proteins
remained even using 100 kDa MW cutoff filters, consistent with outer membrane cytochromes produced
by G. sulfurreducens which are known to self-assemble into larger structures such as protein nanowires
[31,40]. We removed all proteins from these dispersions by a denaturing treatment in 2% SDS at 80

°C followed by centrifugal filtration with 100 kDa MW filters. The purified GQD dispersions were
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Figure 4 a) UV-Visible spectra of a GQD solution prepared from treatment of fluorographite with G.
sulfurreducens in PBS/Acetate media. Spectra of fluorographite incubated under identical conditions in
media only are presented as a control. The inset highlights the region between 200-500 nm where distinct
n—7* and n—7* transitions are evident in the bacteria-treated sample only. b) Raman spectrum (532
nm laser excitation) of the GQDs presented in a) and pristine fluorographite. ¢) Fluorescence excitation
and emission spectra of the GQDs dispersed in ultrapure water recorded using an excitation wavelength
of 250 nm. d) FTIR spectra of pristine fluorographite, precipitates after incubation with
G. sulfurreducens and purified GQDs.



then characterized by a combination of UV-Visible, FTIR, Raman and fluorescence spectroscopy.
The UV-Visible absorbance spectrum of purified GQDs shown in

Figure 4 a) shows the appearance of distinct peaks at ~260 nm and ~330 nm, assigned to t—>n* and
n—>w* transitions respectively [41,42]. The n—>n* transitions are typically assigned to aromatic sp?
domains while n—n* transitions are normally assigned to surface states which arise at edges
functionalised with oxygen groups[43]. Abiotic controls of fluorographite incubated in the minimal
media yielded only a broad absorbance close to 200 nm, similar to dispersions of the untreated starting
material (Figure S8). This suggests that the fluorinated starting material remains stable in the absence
of G. sulfurreducens.

Raman spectroscopy of the GQDs in

Figure 4 b) shows typical D and G peak features of disordered carbon nanomaterials, while very weak
signals were obtained for fluorographite, as expected for highly fluorinated carbons [12,44]. The D peak
— associated to disordered features in the carbon scaffold such as defects, edges and impurities — appears
at a typical value of ~1335 cm™ while the G peak is blue-shifted from its typical region of ~1580 ¢cm'!
to ~1620 cm’'. This shift is typical of graphene oxides with a high degree of sp® carbons[45] and suggests
that the GQDs are highly defective and/or oxidized[46]. This result is consistent with the D to G peak
intensity ratio, Ip/Ig estimated through the deconvolution of the Raman spectra of GQDs presented in
Figure S9 and Table S5. The Ip/l is indicative of the degree of disorder in the carbon scaffold in carbon
materials. The estimated ratio of 1.7 for our GQDs is typical of GO (see Table S6 and References
[47,48]).

It is well-known that GQDs possess fluorescent properties depending on variables such as particle
size, sp? cluster size and defect states or surface traps[43,49,50]. The fluorescent properties of the GQDs
dispersed in water are summarised in Figure 4 c. The purified GQDs were found to be UV-fluorescent
with an emission maximum observed at 306 nm (~4.06 V) and excitation maximum at 280 nm (4.4 V).
No significant fluorescence was observed for control samples of fluorographite incubated in acetate

medium only (Figure S10). This deep-UV emission maximum is among the shortest emission



wavelengths ever reported for GQDs, with only the microwave-assisted GQDs prepared by Tang et al.
having a higher emission energy at 4.1 eV [49].

We also found that the fluorescence emission maximum of the GQDs shifted significantly from
333 nm to 306 nm with little change in the fluorescence intensity after the removal of cytochrome
proteins by SDS treatment (Figure S10). An almost identical shift was found when crude GQDs were
transferred into ethanol without removing the proteins (Figure S11), suggesting that the fluorescence is
linked to surface states and/or solvent interactions rather than any direct contribution from the proteins
themselves.

FTIR studies were carried out on the starting fluorographite material as well as on both the precipitates
and the purified colloidal phase after biomass removal (Figure 4 d). The FTIR spectrum of the GQDs
is consistent with previous reports on GO materials[51], showing peaks attributed to O-H (~3700 — 3000
cm), C=0 (~1700 cm™) and C=C (~1600 cm ). Importantly, the sharp peak attributed to C-F species
at around 1200 cm™' [52] is prominent in the starting material, diminished in the precipitates and entirely
absent in GQDs, suggesting fluorine elimination in the biogenic nanomaterials and the formation of new
nanocarbon materials terminated with oxygen moieties[52,53].

X-ray Photoelectron Spectroscopy measurements were used to quantitatively follow the defluorination
of the starting material and to characterise the surface chemistry of the resulting GQDs. Survey spectra
of G. sulfurreducens treated fluorographite compared to abiotic controls and the fluorographite starting
material are given in Figure 5 a). Aside from peaks associated to the Si substrate[54], the major elements
present for the pristine material and abiotic control are C, F and O. Area ratios taken from high-resolution
scans (Figure 5 b, d-e and Figures S12 and S13) were used to calculate the O/C, N/C and F/C ratios
summarised in Table 1. For both pristine fluorographite and abiotic controls a single intense F 1s peak
is observed around 688 eV (Figure S b). The F/C is 1.1 for the starting material, in agreement with the
SEM-EDX analysis reported in Figure S4). Incubating the fluorographite in 10 mM acetate medium
only slightly reduces the F/C ratio to 1.0, which is more likely attributed to adventitious carbon
contamination than to a loss of F, since the O/C ratio of the control remains unchanged from the value
of the as-received powder of ~0.1. By contrast, high-resolution scans of the F 1s region (Figure 5 b) for
the G. sulfurreducens treated sample shows a total absence of F in the survey spectrum. This result was
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Figure S a) Survey spectra of GQDs prepared by incubation of fluorographite with G. sulfurreducens,
fluorographite incubated in media only and pristine fluorographite. Spectra are normalised by the
maximum counts per second (CPS) and presented offset from one another for clarity. b) High-resolution
core level spectra in the F 1s region for G. sulfurreducens treated fluorographite compared to control
and pristine samples, showing total defluorination of the samples occurs only when co-incubated with
the electroactive bacteria. ¢) High-resolution core-level spectra in the C 1s region of G. sulfurreducens
treated fluorographite, compared to the media-only control and pristine sample. Peak-fitted spectra of
d) pristine fluorographite and e) G. sulfurreducens treated fluorographite.

reproduced across numerous batches (Figure S15) and confirms that the biogenic GQDs are fluorine-
free. Further evidence for defluorination is found in high-resolution core-level spectra in the C 1s region
(Figure 5 ¢). For both untreated and abiotic control samples, the main C 1s peak is centered around 291
eV consistent with fluorinated carbons [55], while that of G. sulfurreducens treated fluorographite is
shifted closer to 286 eV as expected for GO[56]. Peak-fitted spectra are presented in Figure 5 d-e and
Figure S12. For control and pristine samples, the predominant contributions are C-F-CF,, C-F, and C-
F species [57] with a lower binding energy contribution most likely due to adventitious carbon

contamination. The C 1s region measured for GQDs produced by G. sulfurreducens treatment shows



peaks centered at 284.5 eV, 286.2 eV and 287.8 eV consistent with graphitic C=C, C-O and C=0

contributions respectively [56].

Sample Cat.% Oat% Nat.% Fat.% O/C N/C F/C
Fluorographite 43.9 5.0 0.4 50.7 0.11 0.009 1.1
Abiotic Control 44.9 6.1 0.7 48.3 0.13 0.014 1.0
G. sulfurreducens treated 61.9 30.9 7.2 0 0.49 0.1 0

Table 1. Elemental composition ratio of fluorographite and GQD samples derived from XPS analysis.

This result combined with the dramatic increase in the O/C from ~0.1 to ~0.5 points to a replacement of
C-F surface groups primarily by oxygen moieties. Finally, the increase of the N/C from ~0.01 to 0.1
may be due to residual proteins or organic matter arising from bacteria which remain detectable by XPS

even after purification.

3.3 The role of riboflavin as a redox shuttle

It is well-known that C-F linkages in exfoliated fluorographene can be replaced with other moieties
under relatively mild conditions [14]. In particular, the reaction of C-F with amines has been suggested
as a route towards nitrogenated carbons [8,58]. Recently Siedle et al. proposed a redox mechanism for
this process whereby fluorinated carbon serves as an electron acceptor and defluorination produces
radical intermediates which then react with amines or other co-reactants to produce the modified carbon
surface [18].

In the case of G. sulfurreducens, the exo-clectrogenic redox behaviour involves membrane
cytochrome proteins and external conductive protein nanowires which allow for electrons derived from
intracellular respiratory processes to be transferred to external, solid electron acceptors [22,31]. It is
already certain that our incubation conditions encourage the production of abundant c-type cytochromes
based on UV-Visible spectra of crude colloidal products presented in Figure S7. Considering that the
media used for fluorographite incubation contains acetate as an electron donor and fluorographite as an
acceptor, we hypothesise that defluorination occurs through direct electron transfer of bacteria attached
at the fluorographite surface (Figure 2 ¢) using these secreted cytochromes. This would explain the
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visible changes in appearance of the fluorographite localised at the interface between the starting
material and the G. sulfurreducens in solution in Figure 2 a) and b).

However, soluble redox shuttles such as flavins can also facilitate indirect electron transfer between
surface cytochromes and electron acceptors [38], without the need for bacterial adhesion. We ruled out
direct fluorographite modification by riboflavin in the absence of bacteria using media-only controls
which used 10 uM riboflavin as a redox shuttle without adding G. sulfurreducens (see Figure 4a, Figure
5, and Figures S1 and S10 in the Supporting Information). Hence, while amines can directly replace C-
F in fluorinated graphenes using more aggressive treatments [8], this does not appear to occur under the
mild and biocompatible conditions employed here. To investigate the contribution of riboflavin to the
observed bioexfoliation, we carried out experiments using media containing only 10 mM acetate and
PBS as a buffer. TEM imaging and spectroscopic analysis of riboflavin-free GQDs is reported in Figure
Figure 6, with additional characterization reported in Supplementary Note 3. As Figure 6 a-d shows,
we found comparable particle sizes and almost identical spectroscopic responses for GQDs prepared in
media supplemented with and without the mediator. XPS analysis reported in Figure S15 and Table S7
show comparable surface chemical composition of riboflavin-free GQDs. Hence riboflavin addition is
not essential for bio-exfoliation by G. sulfurreducens. We observed a more rapid onset of apparent
bioexfoliation when 10 pM riboflavin was present (compare the visual appearance of riboflavin-free
samples in Figure S14 with those incubated with riboflavin addition shown in Figure 2 a, both after 3
days of incubation with G. sulfurreducens) which indicates a likely role in increasing the efficiency of
electron transfer by redox shuttling, as has been observed for Fe(Ill) bioreduction by electroactive
bacteria [38].

In addition to the colloidal dispersions discussed above, incubation of fluorographite with G.
sulfurreducens also produced black precipitates at the bottom of the reaction tubes. These are
characterised in Supplementary Note 4. SEM-EDX analysis of the precipitates presented in Figure
S16 shows particles ranging from tens of nm to multiple microns in size with a wide range of F/C values
between 0.2-0.6, consistent with fGO. Structures resembling graphene nanoplatelets and other layered

structures were identified in TEM images (Figure S17), suggesting that the biogenic protocol can



produce a variety of carbon nanostructures with differing surface termination and morphology without
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Figure 6 a) TEM images of GQDs prepared from fluorographite in acetate media without riboflavin
addition. b) HRTEM image of a single GQD taken from the bounded region shown in red in a). ¢)
intensity profile taken along the white line in b) from which an interplanar spacing of ca. 0.22 nm was
found. d) shows additional TEM images from the same batch of riboflavin-free GQDs. e) UV-Visible
and f) fluorescence spectra of GQDs produced from G. sulfurreducens treatment of fluorographite with
and without the addition of 10 uM riboflavin to the growth media. Spectra were obstained on crude

GQD products without the removal of cytochrome proteins. The sample containing 10 uM riboflavin is
a biological replicate of the experiments reported in Figures 2-5.

from 10-25 atomic % is of broad interest for the synthesis of heteroatom-modified nanocarbons, as
these C-F groups can be potentially substituted with C-O, C-N or C-S linkages[8—11,18].

Top-down methods for the production of GO derivatives from graphite almost universally require
harsh physical and chemical treatments such as ultrasonication to exfoliate graphene layers, followed
by oxidative or thermal treatments to modify the carbon surface or to produce smaller graphitic entities
including GQDs. Fluorinated graphites offer an alternative route to versatile surface modifications by
cleaving C-F, but synthetic routes to GO or GQDs reported so far require exfoliation to fluorographene

in organic solvents such as DMF, acetonitrile and ethanol, followed by reflux or prolonged acid/base



treatments [8—-10,59,60]. This is because fluorographite itself remains stable indefinitely [18], a fact
affirmed in our control studies, where it retains essentially all of its F content under abiotic conditions
regardless of the media composition. To explain the rapid degradation of fluorographite in the presence
of G. sulfurreducens, we propose a single-step redox mechanism catalysed by the electroactive bacteria
which simultaneously defluorinates fluorographite while producing both GQDs and partially-
defluorinated GO materials. This mechanism, illustrated schematically in Figure 2 ¢), involves no liquid
phase exfoliation methods such as ultrasonication to delaminate fluorographene. Defluorination is
instead initiated by electron transfer to the fluorographite [14,18,61]. Previous evidence of direct
reductive C-F removal was shown only at high temperatures from 95 — 200 °C with as much as 3%
fluorine remaining in the products [18], while another aqueous method reported for C-F bond cleavage
of fluorographite used radical chemistry to both defluorinated the material and produce a range of
nanomaterials including nanoplatelets similar to those characterized in this work [62].

The total defluorination of fluorographite we observe at ambient temperatures suggests that the
reduction is efficiently catalysed at the bacteria-fluorographite interface. This suggests a previously-
unknown biocatalytic role for the outer membrane proteins of G. sulfurreducens in C-F cleavage.
Further work is necessary to elucidate the specific roles of proteins such as outer membrane cytochromes
which are likely involved in relaying electrons from the bacteria to the fluorographite.

Assuming fluorographite degradation proceeds through exo-electrogenic respiration by bacteria in direct
surface contact, the redox potential of fluorographite must be sufficiently high in order to accept
electrons from membrane cytochromes, for which the formal potential E* has been estimated at ca. -200
mV [22]. There are varying reports of the redox potential for fluorographite; Yaokawa et al. found that
electrochemical defluorination of CF,; in fluoride-ion batteries can occur at -0.14 V vs SHE [63] while
Siedle et al. report the reduction of defective fluorographite by decamethylosmocene at potentials as
high as +0.64 V vs SHE [18]. It is already known from studies with polarised electrodes that G.
sulfurreducens can develop rich biofilms at potentials as low as -0.15 V vs SHE [64,65]. Hence it is
plausible that fluorographite serves as the terminal electron acceptor for electrons ultimately derived

from acetate through metabolism by G. sulfurreducens. This mechanism also explains the presence of



partially defluorinated GO materials found in the precipitates. Reductive defluorination by the bacteria
produces partially-fluorinated fGO particles which are soluble enough to precipitate and subsequently
undergo further reductive cutting and defluorination by the bacteria to produce smaller nanostructures.

In the limit this results in ultrasmall fluorine-free GQDs.

4. Conclusions

We have presented a sustainable, biogenic route to GO from fluorographite which involves the
apparent biocatalysis of C-F cleavage at low temperature and neutral pH. Direct contact between
electroactive bacteria and fluorographite is required for this bioexfoliation, suggesting a catalytic role
for specific outer membrane proteins in defluorination which has never previously been observed. This
route eliminates the need for organic solvents and for ultrasonication, as bioexfoliation proceeds directly
from the graphitic starting material in aqueous media. We anticipate that this protocol will provide new,
green routes to nanocarbons with size and surface chemistry tailored to particular applications in

sensing, optics and electrocatalysis.
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