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ABSTRACT: Dehydrogenation of methanol (CH3OH) into direct current
(DC) in fuel cells can be a potential energy conversion technology.
However, their development is currently hampered by the high cost of
electrocatalysts based on platinum and palladium, slow kinetics, the
formation of carbon monoxide intermediates, and the requirement for high
temperatures. Here, we report the use of graphene layers (GL) for
generating DC electricity from microbially driven methanol dehydrogen-
ation on underlying copper (Cu) surfaces. Genetically tractable
Rhodobacter sphaeroides 2.4.1 (Rsp), a nonarchetypical methylotroph,
was used for dehydrogenating methanol at the GL-Cu surfaces. We use
electrochemical methods, microscopy, and spectroscopy methods to assess
the effects of GL on methanol dehydrogenation by Rsp cells. The GL-Cu
offers a 5-fold higher power density and 4-fold higher current density
compared to bare Cu. The GL lowers charge transfer resistance to
methanol dehydrogenation by 4 orders of magnitude by mitigating issues related to pitting corrosion of underlying Cu
surfaces. The presented approach for catalyst-free methanol dehydrogenation on copper electrodes can improve the overall
sustainability of fuel cell technologies.
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M ethanol fuel cells (CH3OH-FCs) offer ease of fuel
handling, low thermal signatures, and an eco-
friendly power source compared to competing fuel

cell (FC) technologies. They support marine vessels (e.g.,
submarines), portable electronics, military bases,1−8 mobile
applications (e.g., electric vehicles),9 telecommunications
towers, and data centers.10 Generally, discarded methane
gases can be converted into CH3OH for subsequent use in
CH3OH-FCs. A goal of developing viable CH3OH-FC
technologies aligns with the National Academy of Engineer-
ing’s priority of reducing greenhouse gas emissions.11 The
global market for direct CH3OH-FCs has been predicted to
reach ∼$288 M by 2027.12 Given these potential benefits,
federal agencies, including the U.S. Department of Energy,
have identified key challenges facing CH3OH-FC technolo-
gies.13 An immediate priority is to develop alternatives to
expensive catalysts for reducing overpotential to CH3OH
dehydrogenation (e.g., platinum (Pt),14 palladium (Pd), Pt−
Sn,15 Pd−Sn, Pd−cobalt−gold, and Pt−ruthenium16). Living
microorganisms, especially methylotrophs (“methanol oxidiz-
ing bacteria”), have the potential to replace these chemical
catalysts.17 They contain inherent enzymes (e.g., methanol

dehydrogenase) that can dehydrogenate CH3OH
18 and

liberate reducing equivalents that can be used to generate
direct current (DC) electricity in fuel cells.
Copper (Cu) electrodes may serve as promising candidates

for obtaining high-performance CH3OH-FCs.
19 Cu electrodes

are desirable in terms of low cost ($9.30/kg),20 malleabil-
ity,21−23 high tensile strength (210 MPa), and electrical
conductivity (58.7 × 106 S/m),24 especially when compared to
carbonaceous electrode materials. For example, the electrical
conductivity of Cu is nearly 900-fold higher than polycrystal-
line graphite materials. Furthermore, Cu surfaces have been
reported to dehydrogenate aqueous CH3OH

25 into simpler
products such as formaldehyde and carbon dioxide. However,
methanol dehydrogenation on polycrystalline Cu surfaces
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requires elevated temperatures (>400 °C) and extremely low
pressures (0.6 mbar).26 Although single Cu (111) crystals
dehydrogenate methanol at ambient temperatures (25 °C),
they still require low pressures (0.5 mTorr).27 Single Cu
crystals are also disadvantageous in terms of high cost and low
strength.
There is a need to develop viable strategies for enabling

catalyst-free CH3OH dehydrogenation on Cu surfaces under
ambient conditions. It is important for such Cu electrodes to
resist corrosion.28 To address these concerns, the current study
explores the use of graphene as a minimally invasive coating for
enabling methanol biotransformation on Cu electrodes in
CH3OH-FCs.

29 Graphene coatings offer diverse advantages,
including barrier properties, high electrical conductivity, and
low-profile thickness, while serving as excellent supports for
promoting tunable electrochemical interactions with the
supported biocatalysts. Such coatings can decrease charge
transfer resistance to CH3OH, improve the electron transfer
rate, and enhance performance of the fuel cell.30 The bare
metal electrodes in fuel cells experience enormous surface
oxidation or corrosion, leading to frequent deactivation
through direct exposure to chemical reactants.22,31−33 Gra-
phene over the metallic substrate (such as Cu) alters its
electroneutrality through the modulation in the Fermi level
(EF). Thus, coverage of impermeable graphene resists
corrosion, supports microbial growth, and simultaneously
sustains electrochemical current responsible for improved
catalytic activity, all without impeding the functionality of
the underlying metal electrodes.34 Also, the presence of a
graphene layer offers charged active regions through the
generation of polarized sites (wrinkles and grain boundaries in
metal grains). As a result, these positively charged sites may
favor the adsorption of active species for dehydrogenation of
methanol.35

Unlike prior electrochemical studies (discussed in ref 30)36

that used dopants (e.g., N, S, and B) for modifying graphene,
we use pristine graphene layers for biologically dehydrogen-
ating CH3OH on Cu surfaces. A genetically tractable
Rhodobacter sphaeroides (Rsp), a nonarchetype methylo-
troph,37−39 was used as a biocatalyst. Our results confirm
that graphene layers form a minimally invasive coating on Cu
to increase power density and current density by 5 orders and
4 orders of magnitude, respectively, compared to bare Cu. A
series of electrochemical, imaging, and spectroscopy methods
were used to discern the underlying phenomena that enabled
CH3OH dehydrogenation by Rsp cells at the Gr−Cu
interfaces.

RESULTS AND DISCUSSION

Characterization of Pristine Graphene Layers. We
synthesized graphene layers (GL) on 25-μm-thick Cu foils
using typical chemical vapor deposition (CVD) growth
parameters (35 sccm CH4, 1000 °C, 500 mTorr). A CH4/
H2 mixture (10:30 sccm) was introduced at 940 °C for 20 min
at atmospheric pressure. Conformality of graphene on Cu foil
was established in the form of wrinkles across the grain
boundaries (SEM image, Figure 1a). For characterizing the
layers, the graphene film from the Cu foil was transferred onto
SiO2/Si substrate using a poly(methyl methacrylate) (PMMA)
transfer method described in our earlier studies.40,41 Non-
contact mode AFM techniques were used to study the surface
morphology of the graphene films on SiO2/Si (Figure 1b). The
thickness of the film was ∼2.8 nm, which translates to eighr
GLs based on the layer thickness of 0.34 nm as calculated
using empirical force-constant models.42,43 The GL samples
displayed a varying film thickness, evident from light blue
within the bright blue region (Figure 1c). The G and 2D bands
corresponding to E2g vibration modes at 1584 and A1g
vibration modes at 2781 cm−1, respectively, in the Raman

Figure 1. Characterization of atomic graphene layers. (a) SEM images of bare Cu and graphene layers (GL) used to modify the Cu substrate
(shown on SiO2/Si substrate). (b) Atomic force microscope (AFM) images of Cu and GL-SiO2/Si and corresponding height profiles. (c)
Optical images of the transferred GL films on SiO2/Si (background color). (d) Corresponding Raman spectra of the transferred GL on SiO2/
Si. GL displays a sharp G band (∼1584 cm−1) and 2D band (∼2781 cm−1). (e) Static water contact angle values for Cu and GL-Cu.
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spectra confirmed the signatures of graphene (Figure 1d). A D
band (1354 cm−1) indicated the presence of inherent
defects.44,45 The I2D/IG ratio of 0.33 further confirmed multiple
layers of graphene. The Raman signatures of as-grown GL on
Cu (GL-Cu) were compared with the transferred samples
(GL-Si-SiO2; see Figure S1). The transferred samples
displayed inferior quality compared to GL-Cu samples. This
can be attributed to the presence of the organic residue
(PMMA) and unwanted folds and wrinkles generated during
the PMMA-mediated method. The intensity of the D band was
used to locate the interfacial grain boundaries (GB) over the
GL-Cu surface, while a shift in the position of G and 2D bands
was used to evaluate the physical straining and carrier
concentration, respectively.46 GB displayed peculiar character-
istics in terms of relatively higher carrier concentration and
compression of C−C bonds than the surrounding grain regions
(see Figure S2). These characteristics were further validated by
exposing the GBs to pure methanol for different intervals (3

and 24 h). Under these exposure conditions, we observed the
significant upshift in the G peak position at the GB compared
to the grain regions, while the 2D peak position remained
consistent. This result indicates the efficient decrease in carrier
concentration of charges at GB. The drop shape contact angles
using water for bare Cu and GL-Cu (Figure 1e) were
measured as 92° ± 2.0° and 97° ± 1.0°, respectively.41,47

These differences in hydrophobicity were further validated
through high-resolution force−distance spectroscopy in terms
of the pull-out force against the hydrophilic tip apex. The
higher the pull-out force (nN) value, the higher the adhesion
force (see Figure S3c). The transferred-graphene films that
were used to modify glassy carbon electrodes also consisted of
multiple layers of graphene (see Figure S3a,b).

High-Performance Graphene Layers on Cu Electro-
des for CH3OH-FCs. An immediate application of as-grown
conformal graphene layers is to enable the use of underlying
Cu as an anode in CH3OH-FC (modeled in a two-

Figure 2. Bioelectrocatalytic performance of GL-Cu compared to bare Cu. (a) An illustration of CH3OH-FCs with GL-Cu (Rsp cells) in the
anode and a carbon cloth cathode (50 mM ferricyanide) separated by a proton exchange membrane (PEM). (b) Cyclic voltammogram of
GL-Cu and bare Cu in 10 mM potassium ferricyanide in a three-electrode system. Temporal performance of GL-Cu and bare Cu in CH3OH-
FCs: (c) OCV, (d) current density, (e) power density, (f) LSV plots for CH3OH dehydrogenation on day 7, and (g) AFM topography and
current map of GL-Cu and bare Cu. The bright region indicates higher topography and current. The reduced conductivity of the bare Cu
surface is due to the formation of oxide layers. The dashed line represents the interface between bare Cu and that coated with GL.
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compartment microbial fuel cell, Figure 2a, details in refs 37,
38). A genetically tractable Rhodobacter sphaeroides (Rsp) 2.4.1
served as a biocatalyst for facilitating CH3OH dehydrogenation
at the GL-Cu surfaces. Nitrate mineral salt (NMS) media
modified with 0.1% CH3OH served as an anolyte and 100 mM
potassium ferricyanide in 50 mM phosphate buffer as a
catholyte (details in the Methods Section). We assessed the
use of pristine graphene layers on Cu electrodes for CH3OH
dehydrogenation using three different tests; they include (i)
abiotic (GL-Cu), (ii) biotic (GL-Cu), and (iii) biotic (GL-
GCE; GCE = glassy carbon electrode). All three tests used the
same NMS media as an anolyte, except that the abiotic system
was devoid of the Rsp cells.

CH3OH-FC Performance in the Absence of Biocata-
lysts (Abiotic Conditions). The electrochemical behaviors of
CH3OH-FC for GL-Cu and bare-Cu were assessed and
compared under abiotic conditions (Figure S4a−f). In the
absence of the Rsp cells, the GL-Cu did not yield any
noticeable current output from CH3OH dehydrogenation in
both tests (Figure S4b). The open circuit voltage (OCV) of
GL-Cu (295 mV) under abiotic conditions (Figure S4a) was
2.4-fold lower than its biotic counterpart (681 mV, detailed in
later sections). The CV for GL-Cu and bare Cu was also
distinct, as shown in Figure S4c and d. The pseudopotential of
295 mV, primarily due to electrochemical double-layer
capacitance, depleted rapidly upon the imposition of the
external load (1000 Ω). The charge transfer resistance (Rct)

was 200-fold higher than biotic conditions, as measured from
the electrochemical impedance spectroscopy (EIS) analysis
(Figure S4e,f). These results confirm that the biocatalysts are
needed to generate current from CH3OH dehydrogenation.
The lack of current also confirms that these abiotic conditions
do not promote any galvanic coupling between Cu and
graphene materials. These findings remained the same
irrespective of the presence or absence of methanol in the
anolyte (Figure S4a−f).

CH3OH-FC Performance in Biotic Conditions. The
graphene layers allow Rsp cells to sustain electrochemical
current from the CH3OH dehydrogenation on the Cu surfaces.
Initially, we established the ability of the Gr layers to boost the
electrocatalytic behavior of underlying Cu electrodes using a
three-electrode electrochemical system with 50 mM potassium
ferricyanide as an electrolyte. The current densities of GL-Cu
were at least 2 orders of magnitude higher than the bare Cu
system (cyclic voltammograms, Figure 2b). The remaining
tests were carried out with the two-compartment CH3OH-FCs
discussed earlier. We measured and compared the voltage
profiles of the GL-Cu and bare Cu under both open-circuit and
closed-circuit conditions. The average OCV of the GL-Cu
(681 mV) was 1.5-fold greater than bare Cu (430 mV; Figure
2c). The greater OCV values represent the higher potential for
CH3OH dehydrogenation. Next, we measured the voltage
across an external resistor (Rext = 1000 Ω) and the
corresponding current density (obtained using Ohm’s law)

Figure 3. Measurement of electrochemical impedance (EIS). (a) GL-Cu and bare Cu on day 1 and (b) day 21. Electrical equivalent circuit
(EEC) of (c) GL-Cu and Cu. Temporal profiles of (d) COD reduction, (e) formaldehyde, (f) formic acid, and (e) Coulombic efficiency. (h)
Histogram of work function (WF, eV) distribution between unexposed Cu and GL-Cu; the ΔWF is measured ∼60 meV, and (i) temporal
profile of double layer capacitance.
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under closed-circuit conditions (Figure 2d). The GL-Cu
yielded 4 orders greater current density (895 mA/m2) than
bare Cu (0.305 mA/m2). Higher current density confirms that
the graphene layers boost the ability of Rsp cells to sustain
current from the CH3OH at the Cu surface (Figure 2d). The
GL-Cu yielded reproducible performance over time, evident
from the immediate restoration and sustenance of the current
at a peak level after replacing 50% of the spent anolyte with the
fresh NMS medium (Figure 2d). The superior behavior of the
GL-Cu was evident even under polarized conditions,
specifically under a varying external load (Figure 2e). The
peak power density of GL-Cu (60 mW/m2) was 60 000-fold
higher than bare Cu (0.001 mW/m2; Figure 2e). The results
from the linear sweep voltammetry (LSV) corroborated that
the GL-Cu yields a greater current density (4150 mA/m2) than
bare Cu. The latter was devoid of any dehydrogenation peaks
(Figure 2f). Both the LSV tests were carried out on day 7 with
a scan rate of 0.1 mV/s (Figure 2f).
The microscale imaging (5 × 5 μm2) through conductive

AFM revealed the differences in topography and current map
between Cu and GL-Cu regions (Figure 2g). The bare Cu
surface turned 4.7-fold rougher (Ra ≈ 18 nm) than the GL-

coated surface (Ra ≈ 3.8 nm). This increase in roughness is
due to the formation of a thin oxide layer that also disrupts the
electrically conductive network due to an increase in resistance
between the metallic tip apex and Cu surface. It is observed
that the presence of the oxide layer decreases the current by
20%, which hampered the flow of current, as observed in the
impedance behavior of Cu electrodes (Figure 3a).
We carried out electrochemical impedance spectroscopy

(EIS) to assess the impact of the graphene layers on Faradaic
reactions that influence methanol dehydrogenation on Cu
electrodes. The Rct for GL-Cu is 3.6-fold lower than bare Cu
on day 1 (magnitude of a Nyquist arc, Figure 3a). The overall
impedance for GL-Cu (Rcell = solution resistance (Rsoln) +
polarization resistance (Rpo) + (Rct)) was 70% lower on day 1
and 99% lower on day 21 compared to bare Cu, respectively,
based on the EEC fitting analysis (Figure 3a,b; Table S1). This
phenomenal decline in the impedance corroborates that the
GL promotes interactions among the Rsp cells and Cu surface
for CH3OH dehydrogenation (Table S2). The impedance
spectra on both day 1 and day 21 followed a two-time constant
model that connects Rs in series with the two-time constant
components (Figure 3c). The first-time constant describes a

Figure 4. Enhanced surface interactions of methanol molecules by graphene nanolayers (a) distribution of Raman phonon modes (G, 2D)
for GL-Cu at two different intervals (day 1 and day 18) after methanol exposure, (b) FTIR data on bare Cu, (c) comparison of surface
potential bare Cu and GL-Cu for unexposed and exposed regions, and damp profile for (d) GL-Cu and (e) bare Cu for protection ability of
GL against MeOH as compared to bare Cu.
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pore resistance (Rpo) that accounts for conductive pathways for
ions and electrons involved in CH3OH dehydrogenation. The
corresponding pore capacitance and accumulation of electro-
lytes at the graphene layers on the Cu are represented by the
constant phase element (Qc). The second-time constant
describes the Rct between Cu and the electrolyte and the
capacitance due to the quantized double-layer phenomenon
(Qdl).
The CH3OH consumption by the GL-Cu, measured in

terms of chemical oxygen demand (COD), was 3.8-fold higher
than bare Cu throughout the test duration (Figure 3d). GL-Cu
yielded 3-fold higher levels of formaldehyde (Figure 3e) while
reducing the undesirable accumulation of formic acid (Figure
3f). On the other hand, bare Cu consumed the formaldehyde,
which would otherwise have been available to generate
biomass and more electric current. As a result, the Coulombic
efficiency (CE) of GL-Cu (37%) increased by 6-fold compared
to bare Cu (∼7%; Figure 3g). The GL-Cu displayed 2.6-fold
higher double-layer capacitance than bare Cu, based on the
EIS analysis (Figure 3i, Table S2). The investigation is
extended to glassy carbon electrodes (GCE), a representative
example of a nonmetallic electrode. The results reveal the
benefit of graphene coating, owing to the structural similarities
of GCE and graphene materials. The graphene layers facilitate
bioelectrocatalytic dehydrogenation of CH3OH on GCE
(Figure S5a,b). The GL-GCE yielded ∼1.2-fold higher OCV
compared to bare GCE. The greater the OCV values, the
higher the potential for CH3OH dehydrogenation. These
results are corroborated by a 605-fold higher current for GL-
GCE than bare GCE, as shown in the i−t curve (Figure S5 b).

Mechanisms of Bioelectrocatalytic Methanol Dehy-
drogenation on the Graphene Surfaces. After establishing
that graphene layers boost the bioelectrocatalytic performance
of copper electrodes, we used Kelvin probe force microscopy
(KPFM) to investigate surface potential imaging of Cu and
GL-Cu that translates into their work function (WF) behavior
(details in the Methods Section). The presence of GL
influences the localized WF (∼60−80 meV) of underlying
Cu surfaces41 that can be observed by comparing Cu and GL-
Cu prior to the exposure to CH3OH (Figure 3h). It is worth
noting that the thickness of graphene plays a crucial role as it
relates to the electronic charge carriers that participate in the
reaction. In our previous work, we demonstrated the formation
of an electric double layer at the Cu−graphene interface in the
electrolyte medium. The strength of the electrical double layer
depends on the thickness of graphene over Cu. A fewer
number of layers leads to higher strength in the electrical
double layer and a lower WF and lower charge transfer
resistance (Rct). Thus, a higher number of graphene layers (>4
layers) is desirable. An example of variation in graphene
surface potential at different thicknesses is measured over GL-
Cu and GL-SiO2 surfaces through Kelvin probe force
microscopy (KPFM) in Figure S6a−f.
To monitor the role of thickness of GL sheets for surface

charge distribution, a separate KPFM measurement has been
conducted where thicker GL flakes (up to 120 nm height)
were drop casted over bare Cu. The distribution of surface
potential at different GL flakes reveals the increment of WF
with a thickness indicating higher hole carriers at the topmost
layer. Upon exposure to CH3OH, GL-Cu experienced only a
gradual change in WF (ΔWF = 0.7 eV) compared to an abrupt
drop for bare Cu (ΔWF = 0.96 eV) with intermediate values of
SLG-Cu (ΔWF = 0.96 eV) in Figure S6g. Furthermore, the

GL-Cu surfaces resisted the strain and doping effects of
CH3OH, as observed from the overlapping Raman modes (G
and 2D) for the exposed and unexposed regions, respectively.
This phenomenon was apparent at both the beginning (day 1)
and end of the tests (day 18; Figure 4a). This overlapping of
Raman modes was also apparent in the deionized water system
(Supporting Information, Figure S7). Compared to multi-
layered graphene, single-layered graphene failed to resist the
straining effects (i.e., physical distortion) of CH3OH, as
observed from the compression in the C−C bonds for the
SLG-Cu system (Figure S7a,b), thus justifying the use of
multilayered graphene in this study.
The active role of graphene layers for promoting CH3OH

dehydrogenation by the Rsp cells on the Cu surfaces was
validated through FTIR studies. The bare Cu displayed an
intrinsic affinity for CH3OH dehydrogenation,48−50 which is
evident from the FTIR signatures of formaldehyde and
methoxy within 24 h of exposure to CH3OH under ambient
conditions (Figure 4b). This affinity was also reflected as
modulation in the ΔWF when exposed to CH3OH (surface
potential micrographs, Figure 4c). Interestingly, GL preserved
this intrinsic affinity of underlying Cu surfaces for CH3OH, as
observed through the ΔWF of the exposed Cu and GL-Cu
surfaces, respectively (Figure 4c). The ΔWF remained
unaltered when exposed to distilled water (control; Figure
S8a−f). Despite the affinity of Cu surfaces for CH3OH
molecules, the bare Cu did not allow the Rsp cells to sustain
current from the CH3OH dehydrogenation (Figures 2 and 3).
This confounding effect is due to the antimicrobial behavior of
Cu. As seen in Figure S9, the protein content (an equivalent of
cell density) for bare Cu (520 ± 17.7 μg/mL) was 1.5-fold
lower than GL-Cu (760 ± 26.5 μg/mL) at the end of the tests.
Also, bare Cu underwent pitting corrosion that can be

observed in the form of 60−75 nm deep pits, which were not
apparent for GL-Cu (Figure 4d,e). Such corrosive effects result
in the formation of undesirable oxidation species that
discourage the overall extracellular electron transfer by the
Rsp cells. The partially oxidized Cu species (e.g., Cu+ or Cu2+)
within the oxide layers limit CH3OH dehydrogenation and, in
turn, reduce the accumulation of formate. For GL-Cu,
graphene layers resisted anchoring of O2 molecules onto the
Cu surface27 that discouraged undesirable oxidative scission
(O−H bond) of CH3OH into CuOCH3 film51 and
subsequently minimized the formation of undesirable Cu-oxo
species (e.g., Cu(I)S and Cu(II)aq). Despite the large bond
dissociation energy of O−H in CH3OH (104.6 ± 0.7 kJ/mol)
and C−H in CH3O

− (104.99 ± 0.03 kJ/mol), respectively,52

graphene layers promoted the CH3OH dehydrogenation into
formaldehyde (versus formate), encouraging the EET onto the
GL-Cu via periplasmic c-type cytochromes. This formaldehyde
reacts with tetrahydrofolate, allowing the Rsp cells to enter into
the ribulose monophosphate (RuMP) or serine pathway to
produce more biocatalysts (i.e., biomass). Additional tests
confirmed the corrosion resistance of GL on Cu surfaces when
exposed to two different types of oxidizing environments,
including aggressive peroxide (30% H2O2, 2 h) and annealing
(200 °C, 8 h) treatments, respectively (Figure S10). The
exposure duration for these tests was selected based on the
feedback from our earlier trials.53

CONCLUSIONS

We report the use of pristine graphene nanolayers as the
thinnest, noninvasive coating for promoting catalyst-free
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methanol dehydrogenation on copper electrodes in microbial
methanol fuel cells. In addition to overcoming issues of
material degradation and copper toxicity, graphene coatings
retain the inherent work function behavior of underlying Cu
surfaces toward methanol conversion into DC electricity. This
study also highlights a need for obviating the use of single-
layered graphene that promotes a compressive strain within
carbon molecules of graphene coatings on Cu surfaces. The
dual functions of the ultrathin graphene coatings, including
passivation and bioelectrocatalytic behavior, can enable the use
of metal electrodes in other bioelectrochemically driven
batteries and supercapacitors.

METHODS

A brief account of experimental procedures is provided here, and
comprehensive details are available in the Supporting Information.
Graphene layers (GL) were conformally grown on 25-μm-thick
copper foil using a low-pressure CVD at 1000 °C and 500 mTorr. A
CH4/H2 mixture (10:30 sccm) was introduced at atmospheric
pressure and 940 °C for 20 min. The GL was transferred onto glassy
carbon electrodes using a PMMA transfer method. The CVD-grown
GL on copper foil (Bare Cu electrode) is designated as GL-Cu and
the glassy carbon electrode with the transferred film as GL-GCE.
A Gamry Reference 600 potentiostat was used to carry out both the

direct current (DC) and alternate current (AC) electrochemistry
tests. The electrochemical measurements were carried out only after
allowing the system to reach steady-state open circuit voltage (OCV).
Methanol fuel cells were modeled after a dual compartment fuel cell
consisting of graphite felt as the cathode or counter electrode, the
sample of the interest as the anode or working electrode, and Ag/
AgCl as a reference electrode (RE). Rhodobacter sphaeroides 2.4.1
grown in the NMS media supplemented with 0.1% methanol serves as
a biocatalyst.
Electrical equivalent circuits (EECs) were applied to the measured

electrochemical impedance spectroscopy (EIS) data to determine
ohmic resistance, polarization resistance, and charge transfer
resistance of the stable electrochemical system. Atomic force
microscopy (AFM)-Bruker Dimension Icon was used to carry out
Kelvin probe force microscopy (KPFM) tests. Peak-force KPFM tests
were performed using two pass modes: (i) collection of a topography
image and (ii) the acquisition of potential map (contact potential
difference, CPD). A conductive tip (Bruker Model: PFQNE-Al,
stiffness ≈ 0.8 ± 0.2 N/m, diameter ≈ 5 nm, resonance frequency =
300 kHz) was used for the AFM measurements. The tip work
function (WF) was carried out using freshly cleaved HOPG. The
WFsample = WFtip − eVdc relation was used to determine the local WF
values for Cu and GL-Cu exposed to 0.1% methanol.
The Raman spectroscopy was carried out with a 532 nm laser line

and 1800 grating line/mm using the Renishaw inVia 100× optical
lens. The laser power was limited to 5% (<1 mW) throughout the
duration. The Raman peaks were fitted using the Lorentzian function
to measure the peak positions for G and 2D peak. Raman
spectroscopy, optical microscopy, scanning microscopy (SEM),
atomic force microscopy (AFM), and contact angle measurements
were carried out to determine the quality of graphene coatings. Prior
to Raman, SEM, AFM, and optical microscopy tests, the graphene
film was transferred onto a SiO2/Si wafer using the PMMA transfer
protocols.
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