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Bioelectrochemical behavior of Ordered Mesoporous Carbon + B. subtilis as bioanode for
the production of bioenergy in a Microbial Fuel Cell (MFC)
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Abstract

The bioelectrochemical behavior of non-functionalized Ordered Mesoporous Carbon (OMC) and functionalized with methanol
at different concentrations (0.15, 0.5 and 1 M, labeled as OMCO015, OMCO05, and OMCl1, respectively), forming bioanodes with
Bacillus subtilis (B. subtilis) as the electrochemically active microorganism (EAM), was evaluated in a dual-chamber Microbial
Fuel Cell (MFC). OMCO15 showed the highest surface area (550.0 m? g_l) with a total pore volume of 0.270 cm’ g_l (those of
OMC were 410.6 m? g_1 and 0.191 cm? g_l, respectively). Cyclic voltammograms (CVs) in pharmaceutical wastewater (PWW,
pH= 7.1) showed an enhanced bioelectrochemical behavior of the OMC + B. subtilis and OMCO15 + B. subtilis bioanodes
compared to OMCOS + B. subtilis and OMC1 + B. subtilis. Therefore, the two former bioanodes were evaluated in the MFC
containing PWW as substrate in the anode chamber. The results showed differences in the behavior of the bioanodes in long-term
tests (7 days) in the MFC. OMC + B. subtilis showed a decrease in Open Circuit Voltage (OCV) and current density (j) values
from Day 0 to Day 3, followed by a slight increase in j and a higher OCV at Day 7 (compared to Day 3). Meanwhile, OMCO015
+ B. subtilis showed a more stable bioelectrochemical behavior, with slight variations in OCV and j at Days 0, 3 and 7. The
maximum power density (P.,;;) of the MFC was 12.3 mW m~2 with OMCO15 + B. subrtilis at Day 3 of operation. The results
showed the biocompatibility between the OMCO15 catalysts and B. subtilis as EAM, and their catalytic activity to oxidize organic
matter contained in PWW, generating bioenergy from the MFC.

Keywords: Ordered Mesoporous Carbon, B. subtilis, pharmaceutical wastewater, Microbial Fuel Cells, bioelectrochemical energy.

Resumen

El comportamiento bioelectroquimico del Carbén Mesoporoso Ordenado (OMC) sin funcionalizar, y funcionalizado con metanol
a diferentes concentraciones (0.15, 0.5 y 1 M, identificados como OMC015, OMCO05 y OMCI, respectivamente), formando
biodnodos con Bacillus subtilis (B. subtilis) como microorganismo electroquimicamente activo (EAM), fue evaluado en una
Celda de Combustible Microbiana (MFC) de doble caimara. OMCO015 mostré el drea superficial mas alta (550.0 m? g’l) con un
volumen total de poro de 0.270 cm? g_1 (OMC tuvo 410.6 m? g_l y 0.191 cm? g_], respectivamente). Los voltamperogramas
ciclicos (CVs) en agua residual farmacéutica (PWW, pH= 7.1) mostraron un mejor comportamiento bioelectroquimico de los
biodnodos OMC + B. subtilis y OMCO15 + B. subtilis, comparados con OMCO5 + B. subtilis y OMCI1 + B. subtilis. Por lo
tanto, los dos primeros biodnodos fueron evaluados en la MFC conteniendo PWW como sustrato en la cdmara del anodo. Los
resultados mostraron diferencias en el comportamiento de los biodnodos en pruebas de larga duracién (7 dias) en la MFC. OMC
+ B. subtilis mostr6 una disminucion en los valores de voltaje de circuito abierto (OCV) y de densidad de corriente (j) del Dia 0
al dia 3, seguido de un incremento ligero en j y un OCV mayor en el Dia 7 (comparado con el Dia 3). Mientras tanto, OMCO15 +
B. subtilis tuvo un comportamiento bioelectroquimico mds estable, con variaciones menores en OCV y jen los Dias 0,3y 7. La
densidad de potencia médxima (P_,j;) de la MFC fue de 12.3 mW m~2 con OMCO15 + B. subtilis en el Dia 3 de operacion. Los
resultados mostraron la biocompatibilidad entre el catalizador OMCO15 y B. subtilis como EAM, asi como su actividad catalitica
para oxidar la materia orgdnica contenida en PWW, generando bioenergia de la MFC.

Palabras clave: Carbén Mesoporoso Ordenado, B. subtilis, agua residual farmacéutica, Celdas de Combustible Microbianas,
energia bioelectroquimica.
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1 Introduction

Nowadays, fossil fuels such as oil, natural gas, and coal
remain the most important energy sources worldwide
(International Energy Agency, 2023). However, such fuels
are not renewable, and their availability is becoming more
limited every year. Moreover, their combustion in any
application produces CO;, SOy, and NOy, i.e., greenhouse
gases (GHG), resulting in environmental pollution (Islam,
et al., 2023). Over the past decade, research groups have
searched for cleaner alternatives for energy generation. One
of those is that of bioelectrochemical devices, such as MFCs,
to produce bioenergy as a sustainable alternative to the use of
fossil fuels (Zhou, et al., 2014); (Zhao, et al., 2022). MFCs
can aerobically/anaerobically oxidize the organic matter
contained in a substrate (i.e., PWW) to generate electrons
in the bioanode, which are transported to the cathode via an
external circuit. As a result, V and j values are produced
between the bioanode and the cathode. The result is the
generation of a P.,;; (Conzuelo, et al., 218). Moreover, the
oxidation of organic matter results in the treatment of the
substrate (Rashid, et al., 2021).

B. subtilis has been identified as producer of g-
lactamase enzymes, which degrades S-lactam compounds
contained in PWW (Al-Gheethi, et al., 2019). This is
highly relevant, since ampicillin, a photo-resistant 8-lactam
antibiotic commonly found in PWW, is highly difficult to
remove using conventional wastewater treatments (Vidal, et
al., 2019). Thus, B. subtilis is an EAM that can produce
electrons from the oxidation of organic matter in PWW,
promoting its treatment (Pant & Patil, 2022). On this issue, it
has been reported recently that B. subtilis ELO6 can remove
sulfadiazine while producing energy in an MFC with ca.
90% efficiency (Al-Ansari, et al., 2021).

Nevertheless, chemical elements and anthropogenic
wastes in PWW can adversely affect the overall performance
of an MFC. Therefore, the application of noble metal-free
carbon-based catalysts in bioanodes of MFCs has been
investigated by the scientific community. This comes as
no surprise, since active materials such as N-doped carbon
obtained from pharmaceutical wastes have been used to
electrochemically reduced CO, to CO (Gang, et al., 2023).
Therefore, a catalyst layer deposited on a carbon cloth
electrode in contact with the biofilm of the EAM enhances
the electron transfer to the external circuit, thus improving
the P,y delivered by the MFC (Garcia-Mayagoitia, et
al., 2019). Carbon-based catalysts such as paper, cloth,
mesh, reticulated vitreous, OMC, and biocarbons, have been
successfully utilized in bioanodes of MFC (Kipf, et al.,
2013; Morales-Acosta, et al., 2016; Plekhanova, et al.,
2022).

It is acknowledged that several physicochemical
characteristics of carbon catalysts are relevant to: i) improve
the transport of species (surface area, average pore size,
micro/mesoporosity, interconnected channels); and ii) to
assure the growth and attachment of the biofilm developed
by the EAM (surface functional groups, particularly
oxygen-containing species). Enhanced characteristics of the
carbon-based materials play a positive role promoting the
biocompatibility of the catalyst layer/biofilm interface, and
therefore the extracellular electron transfer (EET) (Cui, et
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al., 2014). From those characteristics, highly performant
bioanodes are formed to produce energy and proceed with
the treatment of the substrate (Kipf, et al., 2013; Szopinska,
etal., 2023).

The novelty of this work is the study of the effect
of functionalizing OMC with several concentrations of
methanol on the development of surface functional groups,
and therefore on its catalytic activity and biocompatibility
with B. subtilis. Moreover, the pH of the PWW substrate
is 7.1, compared to 9.6 in our previous report (Garcia-
Mayagoitia, et al., 2019), which may put to test the
performance of the EAM in the 7-days testing, despite
the high adaptation capacity of B. subtilis to survive in
harsh media (Ryu, et al., 2022), i.e., the alkalinity of the
substrate may affect the kinetics of the EET. Moreover,
the innovation of this work is related to the development
and application of the OMC + B. subtilis bioanodes
for renewable energy generation from as received PWW,
demonstrating the potential of MFC to replace conventional
and polluting fossil-fuel based systems.

The bioelectrochemical behavior of bioanodes formed
by a catalyst layer of non-functionalized and functionalized
OMC and a biofilm of B. subtilis has been characterized in
half-cell and MFC tests. The performance of the MFC is
evaluated in terms of V-j and P.,j-j curves. Moreover, the
behavior of the bioanodes is studied using electrochemical
impedance spectroscopy (EIS).

2 Materials and methods

2.1 Synthesis and functionalization of OMC

OMC was synthesized via a two-step synthesis, already
described in detail elsewhere (Morales-Acosta, ef al., 2016).
Briefly, resorcinol (8.81 g), formaldehyde (24.88 mL),
and sodium carbonate (0.04 g, alkaline catalyst) were
mixed by stirring for 1 h. After this pre-polymerization, a
mixture containing Pluronic F127 triblock copolymer (6.2
g), deionized water (16 mL), and ethanol (25 mL) was
added to the solution containing the carbon precursors,
maintaining stirring for 1 h. The copolymer obtained was
used as a template to promote the formation of the hexagonal
mesostructure of the OMC. Afterwards, 8 mL of 2 M HCl
were added to the solution, sustaining vigorous agitation for
1 h. The orange resin obtained was dried at 80°C for 24 h,
and carbonized at 900°C in N, atmosphere for 3 h at a heat
rate of 1°C per min. The resulting solid was pulverized in
a Fritsch Pulverisette planetary mill for 10 min and sieved
using a 100 mesh.

The intermittent microwave heating (IMH) process was
implemented to functionalize OMC powders. The procedure
was as follows: 2 g of OMC were separately sonicated in
200 mL of 0.15, 0.5, and 1 mol L™! methanol (MeOH)
solutions for 30 min, followed by magnetic stirring for 1 h.
The mixtures were thermally treated in a microwave oven
for 8 min applying pulses 25 s on/15 s off under stirring
and refluxing conditions. The powders were filtered, washed,
dried for 24 h, and calcined at 200°C for 30 min. The
functionalized OMC catalysts were labeled as OMCO015,
OMCO05, and OMC1, respectively.
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Table 1. Physicochemical properties of pharmaceutical
wastewater used as substrate in the Microbial Fuel Cell, at
the onset of the experiments.

Parameter

pH 7.10
Specific conductance (mS cm_l) 29.22
Oxidation and reduction potential (mV) 53.40
Resistance (ohm cm_l) 52.79
Temperature (°C) 23.37

Chemical oxygen demand (mg L~ ) 14191.51

2.2 Microorganism and anode substrate

The microbial strain B. subtilis (CDBB 1349) was provided
by the National Collection of Microbial Strains and Cell
Cultures of Cinvestav. The strain was activated in Petri
dishes containing 10 mL of LB nutritive agar and incubated
for 72 h at 28°C in a Vichi INO Incubator. The inoculum, i.e.,
the culture media containing grown bacteria, was adjusted
into 5 mL tubes and placed in a freezer at -20°C for its later
use for the growth of biofilms.

The PWW used as anode substrate was obtained
from a pharmaceutical company located in Ramos Arizpe,
Coahuila, México. The PWW was collected following the
composite sample technique: every 30 min, 1 L plastic
bottles were filled out at the effluent of the factory, reaching
a total volume of 14 L that were mixed homogeneously and
transported in a cooler to avoid altering its composition.
Afterwards, it was stored at -20°C to avoid microbial growth
contamination until its use in the MFC. Table 1 shows
the physicochemical properties of the PWW. As can be
observed, the properties changed considerably from those
reports previously by our group of a similar PWW (Garcia-
Mayagoitia, et al., 2019). For example, the pH in this study
was determined as 7.1, while previously it was 9.6.

2.3 Physicochemical characterization

X-Ray Diffraction (XRD) patterns were obtained in an
Empyrean PANalytical equipment in the 10-100° (26)
interval. Chemical composition was determined using a
Phillips X’Pert Scanning Electron Microscope (SEM)
equipped with an Energy Dispersive Spectroscopy (EDS)
detector operating at an accelerating voltage of 20 kV.
Fourier Transform Infrared spectra (FT-IR) were acquired
using a Bruker Tensor II spectrometer in the 4000-500
cm™! range using the ATR technique. Raman spectra
were acquired in a DXR2 Thermo Scientific model at a
wavelength of 633 nm in the 100 to 3500 em™! range.
Morphology analysis and chemical mapping were
performed in a Jeol 7800 F Field Emission Scanning
Electron Microscope (FESEM). High Resolution
Transmission Electron Microscopy (HRTEM) analysis
was performed using a Talos 200 FEI equipment at an
accelerating voltage of 200 kV. Textural properties were
analyzed by N, adsorption/desorption by applying a BET
analysis in a Quantachrome Autosorb Automated Gas
Sorption System. Surface chemical compositions were
determined by X-ray Photoelectron Spectrometry (XPS)
using a K-Alpha Thermo Scientific spectrometer with a
monochromatic Al Ka X-ray source (1486.68 eV). Spectra

were charge compensated by using binding energy (BE) of
284.8 eV of the C 1s region of adventitious carbon.

2.4 Fabrication of anodes, bioanodes and
cathodes

ELAT LT-1200 W carbon cloths (BASF) were used for the
fabrication of the electrodes. Catalyst inks were separately
prepared by ultrasonically mixing for 30 min powders of
OMC, OMCO015, OMCO05 and OMC1 with Nafion® solution
(5 wt. %, Sigma Aldrich) and 2-propanol (J.T. Baker) in a
3.5:1:1 wt. % ratio (Rodriguez-Varela & Savadogo, 2009).
For the manufacturing of anodes, a catalyst layer of each
carbon material was deposited over carbon cloths of 1 cm?
geometric area using a micropipette, achieving a catalyst
loading of 5 mg em™2.

The bioanodes were obtained after placing the
corresponding anodes in 100 mL of LB liquid media
inoculated with B. subtilis, allowing the biofilm to grow
for 6 days in a Vichi INO incubator at 28°C. The cathodes
were fabricated by depositing using the same technique 2 mg
cm™! catalyst layers of commercial 20 wt. % Pt/C on 1 cm?
geometric area carbon cloths.

2.4.1 Physicochemical characterization of bioanodes

The morphology of the bioanodes was characterized by
SEM in an XL.30 Philips microscope at 10 kV accelerating
voltage. After biofilm growth, samples of bioanodes were
submerged in Trump’s solution (4 mL of 25% grade I
glutaraldehyde, 10 mL of 37% formaldehyde, and 0.27 g of
sodium hydroxide, diluted to 100 mL with bi-distilled water)
and refrigerated for 24 h. Afterwards, the bioanodes were
dehydrated by sequentially placing them in 40, 50, 60, 70,
80, 90, and 100% ethanol solutions for 30 min each, and left
to dry in a desiccator for 24 h.

2.5 Electrochemical characterization

2.5.1 Half-cell

The catalytic activity of anodes and bioanodes was
characterized in an electrochemical three-electrode half-
cell. An Ag/AgCl (in saturated 3 M NaCl) and a graphite
rod acted as reference and counter electrode, respectively.
Meanwhile, the working electrode consisted of the anodes
and bioanodes described above. An electrical contact was
promoted by fixing copper wire to the opposite face of
the electrodes containing the catalyst layer using carbon
catalytic ink. The electrodes were covered with epoxy resin,
limiting the active geometric area to 1 cm?.

The electrochemical behavior of anodes and bioanodes
was evaluated by cyclic voltammetry in PWW as substrate,
with a BioLogic SAS VSP-300 bipotentiostat. Cyclic
voltammograms (CVs) were acquired in the 50-1200 mV
potential interval in the Reversible Hydrogen Electrode
(RHE). Conversion from the Ag/AgCl to the RHE scale was
made with the Nernst equation as shown elsewhere (Alonso-
Lemus, et al., 2022).

WWW.rmiq.org
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2.5.2 Dual-chamber Microbial Fuel Cell

2.5.2.1. Electrochemical Impedance Spectroscopy (EIS)

Nyquist plots of the OMC + B. subtilis and OMCO15 +
B. subtilis bioanodes as working electrodes were obtained
in a frequency range between 10 kHz and 1 mHz, with
an amplitude of 10 mV at Day 0, before obtaining the
polarization curves described in the following section. The
Ag/AgCl reference electrode was placed in the anode
chamber, while the Pt/C electrode in the cathode chamber
was used as the counter electrode (He & Mansfeld, 2009). A
Randles equivalent circuit was used to fit the experimental
results with the EC Lab software.
2.5.2.2. V-j and P,;-j polarization curves

The MFC consisted of anode and cathode chambers
separated by a Nafion 117 membrane (ION Power Inc.),
previously activated with neutralizing reactions utilizing
H,0O; and H> SOy, removing residues with boiling deionized
water (Rodriguez-Varela & Savadogo, 2009). The cathode
chamber contained the Pt/C electrode in Ojp-saturated
phosphate buffer solution, while PWW was adjusted to
the anode chamber as substrate under continuous magnetic
stirring, with the bioanodes submerged within. The MFC
operated at room temperature. The bioanodes evaluated were
OMC + B. subtilis and OMCO15 + B. subtilis (Figure S1).

For the characterization of the MFC, cell voltage
(Ecep) vs. j polarization curves were obtained using the
bipotentiostat and a set of external resistances. First, the
open circuit voltage (OCV) of the cell was measured. Then,
external resistances (Rey;) of 0.0071, 1.21, 5, and 10 kQ
were imposed to measure E.,; and from such values, the
cell current (I..;;) from Ohm’s law (eq. 2) was determined.
The j values were obtained by normalizing I..; by the
geometric area of the electrodes (Ageo), as shown in eq. (3).
Meanwhile, P_,;; was obtained with eq. (4):

Ecell
leen = Rc_et (1)
€X]
1,
_ Acell 2)
geo
Peet = Ecettj (3)

During the long-term tests, the MFC was polarized by
applying Rexr= 10 kQ.

3 Results and discussions

3.1 Physicochemical characterization of
the OMC catalysts

Figure 1 depicts the XRD patterns of OMC, OMCO15,
OMCO05, and OMCI1. The catalysts show reflections at
22.5 and 43.6° (26), attributed to the (002) and (100)
carbon planes (JCPDS 41-1487), characteristic of graphitic
structures. The broad feature of the peaks indicates the
amorphous nature of the OMC catalysts (Ma, et al., 2019).
No significant differences can be observed between non-
functionalized and functionalized OMC.
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Figure 1. XRD patterns of a) OMC, b) OMCO15, c) OMCO5,
and d) OMCI.

The chemical composition and standard deviation of
non-functionalized and functionalized OMC is shown in
Table S1. The concentration of C and O at OMC is ca.
98.78 and 1.22 (wt. %), respectively. The IMH affects
the chemical composition of the catalysts, because of the
presence of MeOH during treatment and due to the fact
that carbon materials are sensitive to microwave radiation
(Bharti & Cheruvally, 2017). With 0.15 M MeOH, the main
influence is on the O content at the OMCO015 catalyst since
its concentration decreases. It is likely that the microwave
heat treatment in the relatively low MeOH concentration
causes removal of residual oxygen-containing species. At
higher MeOH concentrations, the C content decreases at
OMCO5 and OMCI, reaching a minimum at the former.
Conversely, the O content increases to 7.03 (wt. %) at
OMCO5 with a slight decrease at OMCI1, apparently because
of a surface saturation with oxygen-like species at higher
MeOH concentrations.

Figure 2 shows the Raman spectra of non-functionalized
and functionalized OMC. The D (associated with structural
disorder or defects, at ca. 1320 cm’l) and G (attributed to
structural order or sp2 carbon hybridization, at ~1580 cm™)
bands, typical of carbon-based materials, are observed (Ma,
Yuan, & Hu, 2019). The ratio of the intensities between
the D and G bands (Ip/Ilg) of OMC is 1.08, decreasing
to 1.03 after functionalization with 0.15 M MeOH. The
results indicate that microwave heating with a low MeOH
concentration slightly increases the graphitic structural
order i.e., a more intense G band of OMCO015 than non-
functionalized OMC. Meanwhile, the opposite occurs at
OMCO5 and OMC1, at which a higher MeOH concentration
during IMH provokes an increase in their ID/IG ratio (1.16
and 1.46, respectively), compared to OMC and OMCO015.
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Figure 2. Raman spectra of a) OMC, b) OMCO15, c)
OMCO05, and d) OMCI.

The FTIR spectra of OMC, OMCO015, OMCO0S5, and
OMC1 are shown in Figure S2. The non-functionalized
catalyst shows low intensity bands at 3773 and 3718 cm™!
ascribed to v(O-H) stretching vibrations, and relatively more
intense signals at 1629 em™! due to C=C vibrations of
carbonyl groups (Lian, et al., 2019). While OMCO015 shows
the same bands, it calls the attention that the relative intensity
of the v(O-H) and C=C bonds increases compared to OMC.
Meanwhile, the relative intensity of the v(O-H) vibrations at
OMCO05 and OMCI1 is higher than that of OMCO015. Such
feature is ascribed to the IMH functionalization with higher
MeOH concentrations, promoting the formation of O-H
functional groups. On the other hand, it should be mentioned
that the relative intensity of the C=C signal is lower at
OMCOS5 and not clearly detected at OMC1, compared to
OMCO15.

The morphology and chemical mapping of the OMC
catalysts are shown in Figure 3. The micrographs show a
rather similar morphology, with large particles of irregular
shape. As already mentioned in the SEM-EDS analysis,
the most abundant elements at the catalysts are C and O,
although with the FESEM technique traces of K and Ca
have been detected. This morphology is expected based on
previous studies on similar OMC materials (Lilloja, et al.,
2023). The functionalization with MeOH, a soft chemical
agent, has no effect on the morphology of the carbon-
based catalysts. Figure S3 shows a HRTEM micrograph of
OMC, at which the ordered arrangement of lattice fringes
corresponding to its graphitized structure (e.g., the area
highlighted by a red square) can be distinguished. This
feature has been ascribed to the partial crystallinity of OMC
(Garcia-Mayagoitia, et al., 2019).

The N, adsorption-desorption isotherms of the OMC
catalysts are shown in Figure 4. All isotherms have open
hysteresis at low P/PO. The open characteristic is typical
of slit or bottle-shaped pores, at which the adsorbate
penetration is kinetically slow due the narrowness of the
intrachannels of the carbon materials (Ma, Yuan, & Hu,
2019; Maziarka, et al., 2021). The isotherms fall in the type
IVa classification (Thommes, et al., 2015; Kan, et al., 2023).
Moreover, the materials show a steep increase in adsorption
at high P/PO while a hysteresis loop appears as a typical
feature of micro-mesoporous structures (Ma, et al., 2019).

Figure 3. FESEM micrographs and chemical mapping of a)
OMC, b) OMCO015, ¢) OMCO5, and d) OMCI.

It can be seen in Table 2 that the surface area increases
from 410.6 at OMC to 550 m? g~! at OMCO15 after
functionalization with 0.15 M MeOH. The average pore size
(reaching ca. 2 nm) and the total pore volume also become
higher at the latter (0.270 vs. 0.191 cm? g_l, respectively).
The microwave radiation falls between the infrared and the
radiowaves (ca. 1073 to 1 m, (Menéndez, et al., 2010). It has
been reported that carbon materials are active to microwave
radiation (Bharti & Cheruvally, 2017). It is hypothesized
that exposure of OMC to microwave radiation in 0.15 M
MeOH removes some impurities, which can be correlated
with the chemical composition in Table S1. The results
show that OMC and OMCO015 have a C content of ca.
98.78 and 99.89 wt. %, respectively, with less O at the
latter. A slightly similar tendency can be seen in Table S2.
Simultaneously, the relatively diluted MeOH solution can
impregnate available pores, increasing their volume under
intermittent heating, therefore producing a higher surface
area at OMCO15.

At OMCO05 and OMCI, a contrary effect is observed
compared to OMCO15, i.e., their content of C and O
decreases and increases, respectively, compared to OMC.
Apparently, the relatively higher MeOH concentration
inhibits the removal of impurities, avoids the activation of
pores, or even provokes a collapse of a number of them
under radiation, thus limiting the surface area. Even though
more studies, out of the scope of this work, may be needed
to determine an optimal MeOH concentration to generate
a higher surface area, it seems that lower concentrations
promote enhanced textural properties of OMC. Overall, the
average pore size of the OMC catalysts falls within the
micro-mesoporosity limit.

Table S2 depicts the surface chemical composition from
the XPS survey of the OMC catalysts, composed mainly of
C and O, with traces of Na at the non-functionalized catalyst
because of the precursor used in the synthesis process,
which is not detected after functionalization. There is an
increase in the relative concentration of surface C after
functionalization, with a slight decrease in that of O.

In Figure 5, the high-resolution XPS spectra of the OMC
catalysts in the C 1s region can be observed. It depicts
characteristic peaks ascribed to C=C spz, C-C sp3, C-
OH, C=0, and O-C=O0 species (Weidenthaler, et al., 2006;
Wang, et al., 2020; Carrillo-Rodriguez, et al., 2021; Pérez-
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Rodriguez, et al., 2019), The relative atomic concentration (roughly 80 at. %) is that of the sp2 nanodomains (at ca.
and the binding energy (BE) of the species are shown in 284 eV) in the four OMC catalysts.
Table 3. As can be observed, the highest concentration

Figure 4. N, adsorption (A)-desorption (D) isotherms of a) OMC, b) OMCO15, ¢c) OMCO05, and d) OMCI1.

Figure 5. High resolution spectra in the C 1s region of OMC, OMCO015, OMCO05, and OMC1.

WWW.rmiq.org
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Table 2. Textural properties of OMC, OMCO015, OMCO5, and OMC1.

Sample Surface area (m? g_l) Average pore size (nm)  Total pore volume (cm? g_l)
OMC 410.6 1.865 0.191
OMCO15 550 1.964 0.27
OMCO05 380.1 1.971 0.187
OMC1 382 1.958 0.187

Figure 6. High resolution spectra in the O 1s region of OMC, OMCO015, OMCO05, and OMCI1.

Table 3. High-resolution XPS data of the OMC catalysts.

Catalyst Species  State BE (eV) Composition (at. %)

OMC C=Csp?> Cls 284.82 79.1
C-Csp? Cls 28591 12
C-OH Cls 28699 4.8
C=0 Cls 28827 2.5
0-C=0 Cls 289.62 1.6
C=0 Ols 53126 37.6
C-0 Ols 53277 43.1
0-C=0 Ols 534.09 19.3
OMCO15 C=Csp> Cls 284.82 80.7
C-Csp®> Cls 286.01 10.3
C-OH Cls 287.04 45
C=0 Cls 28825 2.5
0-C=0 Cls 28945 2
C=0 Ols 53146 28.1
C-0 Ols  532.66 421
0-C=0 Ols 53395 29.8
OMC05 C=Csp>? Cls 2848 80.7
C-Csp® Cls 28598 10.2
C-OH Cls 287.04 4.7
C=0 Cls 2884 2.6
0-C=0 Cls 289.67 1.8
C=0 Ols 5313 229
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C-0 Ols 53249 44.4
0-C=0 Ols 53378 32.7
OMC1 C=Csp?> Cls 284.78 79.1
C-Csp®> Cls 2858 113
C-OH Cls 286.86 53
C=0 Cls 288.15 23
0-C=0 Cls 2894 2
C=0 Ols 53156 33.1
C-0 Ols 53275 38.6
0-C=0 Ols 533.94 28.3

Figure 7. SEM micrographs of the bioanodes: a-b) OMC + B. subtilis, c-d) OMCO15 + B. subtilis, e-t) OMCOS + B. subtilis, and
g-h) OMC1 + B. subtilis.

WWW.rmiq.org
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Meanwhile, the high-resolution spectra in the O 1s
region (Figure 6) shows the presence of the C=0, C-O,
and O-C=0 species (Wan, et al., 2020). Table 3 shows
the relative atomic concentration of the species, the higher
corresponding to the C-O species (BE about 532 eV).
Overall, the C and O bonds in Figures 5 and 6 correspond
to those normally observed elsewhere for carbon-based
catalysts.

3.2 Morphology of the bioanodes

Figure 7 shows SEM micrographs of the bioanodes formed
by the OMC catalysts and a biofilm by B. subtilis at two
magnifications. The non-functionalized (Figure 7 a-b) and
functionalized (Figures 7 c-h) bioanodes show a high degree
of coverage by the biofilm over the carbonaceous catalysts,
as confirmed by the well-developed extracellular matrix with
rod-like shape bacteria. The formation of the biofilm can
be attributed in part to the highly hydrophilic nature of the
carbon surface, resulting in a carbon/EAM interface that
suggests biocompatibility between the OMC catalysts and
B. subtilis, (Xiao, et al., 2020) a fundamental feature to
promote the electron transfer at the bioanodes (Patel, et al.,
2019).

3.3 Electrochemical behavior of the OMC
+ B. subtilis bioanodes

Figure S4 displays the CVs of the non-functionalized and
functionalized OMC anodes (i.e., without biofilm of B.
subtilis) in N2-saturated PWW. OMCO015, OMCO05, and
OMCI1 generate higher j values at the most negative and
positive potentials than OMC. Among the functionalized
catalysts, OMCO15 shows a slightly enhanced performance
compared to OMCOS in terms of higher j, followed by

OMCI. Thus, initially the functionalization with a relatively
low concentration of MeOH has a positive effect on the
electrochemical behavior of OMC, but a gradual increase
in alcohol content during IMH hinders the generation of j.
This behavior may be related to the development of OH-
functional groups at the active surface of the functionalized
OMC catalysts, as shown in Figure S2.

Figure 8 shows a comparison of the bioelectrochemical
behavior of the anodes depicted in Figure S4 and the
corresponding bioanodes: a) OMC + B. subtilis, b) OMCO15
+ B. subtilis, c) OMCO5 + B. subtilis, and d) OMC1 + B.
subtilis. It is seen that the presence of the EAM at the OMC
+ B. subtilis bioanode increases the j values at the more
positive and negative potentials. As a consequence, the slope
of its CV changes compared to the OMC anode, indicating
an enhancement in biocatalytic activity at the carbon/EAM
interface, thus improving the oxidation of organic matter
from PWW and the EET at the bioanode (Modestra &
Mohan, 2014; Duarte-Urbina, et al., 2021). Such behavior
can be correlated to the coverage of the catalyst layer by the
biofilm, as seen in Figures 7 a-b).

Similarly, the CV of OMCO15 + B. subtilis shows a
change in slope due to the generation of higher j values at
the most positive potential, compared to OMCO15 without
EAM. Nevertheless, j at the more negative potentials is
about the same at both bioanode and anode. As reported
elsewhere, a change in slope as those shown by OMC
+ B. subtilis and OMCO15 + B. subtilis compared to
OMC and OMCO015, respectively, may be ascribed to c-
type cytochromes promoting the bioelectrochemical reaction
by enhancing the EET via a direct mechanism (Liu, et
al., 2017). Moreover, as indicated previously, higher j
values in the anodic and cathodic scans can be ascribed to
improved oxidation reactions and/or faster electron transfer,
and to the reduction of accumulated metabolic intermediates,
respectively (Modestra & Mohan, 2014).

Figure 8. CVs of the bioanodes containing the OMC catalysts + B. subtilis and the anodes formed only by the carbon materials

in PWW. Scan rate: 20 mV s~ 1.
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Figure 9. a) V-j and b) P_,j-j curves of the MFC equipped with the OMC + B. subtilis bioanode at Days 0, 3, and 7. Membrane:
Nafion 117. Cathode: Pt/C. Anode substrate: PWW. Cathode electrolyte: O;-saturated phosphate buffer solution. T,;: ambient.

Figure 10. a) V-j and b) P.,j-j curves of the MFC equipped with the OMCO15 + B. subtilis bioanode at Days 0, 3, and 7.
Membrane: Nafion 117. Cathode: Pt/C. Substrate: PWW. Cathode electrolyte: O,-saturated phosphate buffer solution. 7.

ambient.

In the case of the OMCO5 + B. subtilis and OMCI + B.
subtilis bioanodes, their j values become smaller than their
anode counterparts (i.e., OMCO05 and OMCI, respectively),
thus showing a lower bioelectrochemical performance with
the microorganisms. Such results demonstrate that, despite
the growth of a biofilm (see Figures 7 e-h), the EET
between the catalyst layer and biofilm is rather poor at these
bioanodes, limiting the oxidation of organic matter from
PWW. It is hypothesized that the thickness of the biofilm
at these bioanodes is higher than an optimal value expected
for a fast EET, becoming rather resistive and resulting in low
j values generated with the EAM. Moreover, one factor that
may have affected the performance of OMCO05 and OMC1 is
their lower surface area, compared to OMC and OMCO15
(Table 2). Considering this behavior, only the OMC + B.
subtilis and OMCO15 + B. subtilis bioanodes have been
further evaluated in the full MFC.

Figures 9 a-b) show the polarization and power density
curves of the MFC equipped with the OMC + B. subtilis
bioanode, with PWW as the substrate, at Days 0, 3 and 7 of
testing. At Day 0, the OCV is 0.20 V, delivering a maximum
jof 115.7 mA m~2, with P_,;;= 6.56 mW m~2 (Tabl3 S3).
After 3 days of operation, the overall performance decays
drastically in terms of OCV and j, delivering P.,;;= 1.22
mW m~2. Such decrease in bioelectrochemical activity can
be attributed partially to the so-called microbial log phase, at
which during a given time lapse the microorganisms utilize
the metabolic energy for their extracellular development
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(Serra, et al., 2020; Masoodi, et al., 2021), thus there is a
clear decrease in Pj;.

At Day 7, the OCV increases compared to Day 3, but
remains lower than Day O (i.e., 0.15 V). The j generated by
the MFC at Day 7 is also lower than Day 0, with P_.;=
2.02 mW m~2 (Table S3), suggesting an adaptation of the
microorganism, reaching a stationary phase of its growth,
enhancing the electron transfer from the PWW related to
Day 3, but not reaching the initial performance of Day 0. The
oscillating behavior of the MFC can also be a result of the
dynamic features of the OMC + B. subtilis bioanode, where
the biofilm can be evolving during the operation, probably
forming/eliminating other bacteria.

Figures 10 a-b) show the polarization and power density
curves of the MFC equipped with the OMCO15 + B. subtilis
bioanode. In this case, the behavior is less oscillating,
resulting in a more stable operation of the MFC. For
instance, the OCV is 0.35, 0.33, and 0.30 V at Days 0, 3,
and 7, respectively. The highest j is 148.8 mA m~2 at Day
3, which is relatively like that at Day 7 (Table S3). The
maximum P..; is 12.3 mW m~2 at Day 3, which is higher
than the maximum in Figure 9 b). Opposite to the behavior
observed in Figure 9, the performance of the MFC with the
OMCO15 + B. subtilis bioanode in the 7-days test indicates
a fast extracellular development of the biofilm formed by the
EAM, along with a high biocompatibility between OMCO015
and the bacteria, resulting in relatively equal EET from the
PWW during the long-term test (Pinto, et al., 2018).
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Table S4 shows a comparison of P, values generated
by MFCs using B. subtilis as the EAM in different substrates.
The application of the MFCs is also reported. The P, of
this work compares favorably to those where a substrate
other than PWW has been used, except for the wearable
application in sweat. As for the PWW as substrate, in the
previous works of Table S4 its pH is reported as 9.6, while
here it is 7.1. Therefore, there is an important effect of
the alkalinity of the substrate on the bioelectrochemical
behavior of B. subtilis, limiting the generation of energy
when it drops to nearly neutral environments.

Figure 11 shows the Nyquist plots of the OMC +
B. subtilis and OMCO15 + B. subtilis bioanodes. The fit
was performed using a Randles equivalent circuit (inset)
to determine the ohmic (R1) and charge transfer resistance
of the bioanodes (Rct, identified as R2), the non-ideal
capacitive behavior (constant phase element, Q), and the
limitations due to diffusion of species (Warburg element,
W) (Ramasamy, et al., 2008). The R2 values of OMC + B.
subtilis and OMCO15 + B. subtilis have been determined as
6730 and 3638 Q, respectively. Moreover, with the OMCO15
+ B. subtilis bioanode, the linear behavior due to diffusion
limitations at low frequencies is more important than that of
OMC + B. subtilis.

Nevertheless, the results indicate that the Rct decreases
when the OMC is functionalized with methanol (OMCO015
catalyst), which agrees with the previous reports by our
research group (Duarte-Urbina, et al., 2021). This lower Ret
correlates well with the higher performance of the MFC
equipped with the OMCO1S5 + B. subtilis bioanode at Day
0 (Figure 10) compared to that with OMC + B. subtilis at the
same Day (Figure 9) in terms of j and P.j;.

A comparison with previous reports shows that
bioanodes with modified carbon cloth (CC) using a
microalgae-derived nitrogen-rich biocarbon (CCP-CC) have
Rct values of 264.7 and 59.3 Q, respectively (Lan, et al.,
2020). Elsewhere, the polarization resistance of carbon felt
+ S. oneidensis and carbon felt only electrodes has been
reported as 10.2 and 7790 kQ, respectively (Manohar, et
al., 2008). The authors report that the Rct is the major
contribution to the total internal resistance of the MFC,
which is lower for MFC that contained the microbial biofilm.
Other workers agree that the Rct values decrease due to
the biofilm presence (Ren, et al., 2011). In such report, a
carbon paper has been implemented as anode material, with
an initial Rct of 9 kQ, which decreases to 2.5 kQ after two
weeks of operation because of the growth of a biofilm on the
anode surface.

Although it is a hard task to compare different MFC
bioanode systems, the previous reports indicate that the Rct
values calculated for the OMC + B. subtilis and OMC15
+ B. subtilis bioanodes are within the range expected for
this type of bioelectrochemical devices. Here, it is shown
that the functionalization treatment with methanol modifies
the structural properties and increases the presence of O-H
bonds, which in addition to promoting the biocompatibility
between the catalyst and the EAM, has a positive effect
reducing the charge transfer resistance. The lower R2 value,
along with the fact that OMCO15 has the highest specific
surface area, can explain why the OMCO15 + B. subtilis
bioanode generates the highest j values in the polarization
curves with a more stable behavior.

Figure 11. Nyquist plots and Randles equivalent circuit
(inset) of the OMC + B. subtilis and OMCO15 + B.
subtilis bioanodes evaluated at Day 0 of the MFC testing.
Anode substrate: PWW; cathode electrolyte: Op-saturated
phosphate buffer solution.

Conclusions

Surface functionalization of OMC with several
concentrations of MeOH resulted in the development of
O-H groups. The microwave treatment with 0.15 mol L}
MeOH increased the surface area and total pore volume of
OMCO15 compared to non-functionalized OMC, ascribed
to the removal of impurities, along with the penetration and
activation of pores by the diluted solution under intermittent
heating. Meanwhile, treatment with 0.5 and 1 mol L-!
MeOH decreased both surface area and total pore volume.
Overall, extracellular development of a biofilm by
B. subtilis was observed at the catalyst layers of OMC,
OMCO015, OMCO0S5, and OMCI1. Nevertheless, CV analysis
demonstrated a poor behavior of the OMCO5 + B. subtilis
and OMCO5 + B. subtilis bioanodes in PWW, ascribed to
a thicker biofilm which increases the resistance to electron
transfer. The poor performance of such bioanodes may also
be related to the low surface area of those carbon catalysts.
In MFC tests, both OMC + B. subtilis and OMCO15 +
B. subtilis bioanodes generated bioenergy from the organic
matter of PWW. The latter showed a more stable operation
at Days 0, 1, and 3 of long-term testing, attributed to a
homogeneous extracellular development of the biofilm and
a high biocompatibility between the EAM and OMCO15.
Such biocompatibility was ascribed to the high surface area
and the presence of functional groups at OMCO15. As a
result, the P,..;; obtained from the MFC with the OMCO15 +
B. subtilis bioanode varied only slightly during evaluation,
reaching a maximum value of 12.32 mW m~2 at Day 3.
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