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ABSTRACT: Multilayer graphene (MLG) ‘was obtained by 3 h Metal-Free Multi-Layer Graphene Electrodes Activated by PECVD for El hemical Oxidation Enh: nt
ultrasonication of thermally expanded graphite in n-propanol,
producing 5—13-nm-thick flakes with 1—50 ym lateral size. The

powder was dry-pressed into self-supported disk electrodes é',iﬁ,:ﬁ'e "’é“,';;ki‘,’,‘:’ BECYD EE:,'.;T:’,:.‘,:':;ZE'
(MLGD) and surface-activated by brief MW-PECVD and RF- &
PECVD in Ar/CO, and Ar/O,. PECVD raised Raman I,/I; from A\

0.07 to 0.26—0.28 (L, ® 275 — 69—92 nm) and gave higher ﬁ = O — @
localized O for CO, MW-PECVD (~1.05 wt % vs ~0.13 wt % for L

0,). Elfgtrochemically, areal capaci.tanse increased ~11.9 I ~16.5 e Gt — . Cap;Tit:;nce
mF-cm™ (~39%), and ethanol oxidation peak currents improved  Expansion Electrode Treatment 4 Resistance

up to ~ 40% (peak up to 2.94 mA-cm~? for O, RF-PECVD in 1.0

M NaOH + 2.0 M EtOH), with >95% capacitance retention after

15 CV cycles. These results highlight that PECVD post-treatment

provides a rapid, reagent-free, and tunable surface functionalization of compacted MLG electrodes, enabling increased capacitance
and enhanced ethanol oxidation with minimal bulk structural degradation.

KEYWORDS: Ar/CO, and Ar/O, glow discharges, ethanol oxidation, PECVD, plasma process, surface functionalization

H INTRODUCTION reagents; moreover, unlike aggressive chemical oxidation that
often lacks fine control, PECVD allows rapid, gas-phase tuning
of defect density and chemistry.”'’ While PECVD setups
require vacuum chambers and controlled gas feeds, they can
yield films and functionalized surfaces with excellent
crystallinity control, reproducibility, and, when properly
optimized, lower defect densities than aggressive wet
chemistries, the attributes that make PECVD attractive when
electrical performance and patterning precision are re-
quired." "

Beyond growth, plasma treatments can be applied as a
postprocessing route to selectively activate surfaces: they
promote controlled edge defects and holes, modify layer edges,
and graft oxygen-containing groups that improve electrolyte
wetting and facilitate charge transfer at the electrode—
electrolyte interface."”'* In particular, introducing edge sites
and oxygenated groups mitigates problems such as restacking
and hydrophobicity by interrupting van der Waals interactions
and increasing the density of electrochemically active sites."

Highlighted as one of the most versatile materials, graphene
has attracted significant attention for its electrochemical
properties and broad applications, while its production
methods still face challenges."” Despite advances in the
synthesis using mechanical cleavage, liquid-phase exfoliation,
chemical vapor deposition (CVD), Hummers’ methods, and
gas-phase synthesis, graphene production lacks a scalable
option that simultaneously provides high yield and high
purity.”~> In response, recent work has explored hybrid
strategies that combine bulk exfoliation with postsynthesis
surface engineering in order to bridge the gap between
quantity and quality. In this context, plasma-based techniques
have emerged as powerful tools both for low-temperature
growth and for precise surface functionalization; plasma-
enhanced chemical vapor deposition (PECVD) is among the
most widely reported of these methods.

Plasma treatment techniques are now widely used in both
academic laboratories and industry for surface modification
and functionalization.” PECVD assisted by microwave (MW)
or radiofrequency (RF) excitation can introduce controlled
defects and oxygenated (or other heteroatom) functional
groups and tune the sp’/sp® ratio on graphene surfaces,
thereby modulating the material’s electronic and chemical
properties.” Compared with wet chemical routes, plasma
processing avoids solvent contamination and hazardous
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Surface doping and functionalization therefore provide
practical levers to tune the electrochemical behavior
(capacitance, charge transfer, and catalytic activity) without
wholesale loss of the sp? network.'*™"*

Graphene-based electrodes are attractive for energy
applications by virtue of high electrical conductivity, large
specific surface area, chemical stability, and low mass."” When
used as catalyst supports or binder-free electrodes, graphene
materials can enhance electrochemical reactions; for instance,
graphene-supported catalysts have been reported to show
pronounced ethanol oxidation peaks in alkaline media due to
enhanced OH™-mediated surface reactions.”’ Likewise, plasma
surface modification has been shown to control not only
capacitance but also catalyst—support interactions and alloy
binding, offering routes to tune electrode ?erformance for fuel
cells and electrochemical energy storage.”"”

In light of the increasing demand for high-performance,
scalable electrode materials for energy storage and conversion
(portable electronics, hybrid vehicles, and stationary power),
methods that combine bulk production with rapid, clean
surface activation are of high practical interest.””** Here, we
present a combined strategy that addresses these needs: (i) a
scalable, high-throughput exfoliation route to produce multi-
layer graphene (MLG) from thermally expanded natural
graphite, yielding large lateral-size flakes with low baseline
defect density suitable for electrode fabrication and (ii) a rapid,
solvent-free PECVD post-treatment (MW or RF, with Ar/CO,
or Ar/O, feeds) applied to compacted, self-supported MLG
disk electrodes to introduce controlled edge defects and
oxygen functionalities. This integrated approach merges the
yield advantages of bulk exfoliation with the precision of
plasma surface engineering, enabling tunable enhancement of
capacitance and ethanol oxidation activity while maintaining
bulk crystallinity, minimal contamination, and good electrical
connectivity.

B EXPERIMENTAL SECTION

Preparation of Multilayer Graphene (MLG). The MLG sheets
were prepared from thermally expanded natural graphite flakes
donated by Nacional de Grafite Ltda. To exfoliate the graphite
powder and obtain an MLG dispersion, a mechanical process by
ultrasound with propanol was performed for 3 h, as previously
investi§ated by our group producing multilayer graphene powder
(GP).>* Disk electrodes (MLGD) were then fabricated by
compaction of 60 mg of GP in a stainless steel cylindrical mold
(3.0 cm diameter) for 1 min in a hydraulic press under a constant
pressure of 250 kgf/ cm?.

PECVD was employed as a post-treatment step to functionalize the
surface of the already-compacted MLGD electrodes. Selected MLGD
samples were treated by microwave-assisted plasma-enhanced
chemical vapor deposition (MW-PECVD) at a frequency of 2.42
GHz through a 1000 W ma§netron (LG Co.), which has been
described in detail previously."*® The reactive cold plasma discharges
were obtained by using mixtures of Ar (3.5 X 107> Torr) in two
different atmospheres individually: CO, (3.5 X 107> Torr) and O,
(3.5 X 1072 Torr) controlled by needle valves for 2 min.”” A second
post-treatment that consisted by a radiofrequency-assisted plasma-
enhanced chemical vapor deposition (RF-PECVD) was done in an O,
atmosphere and was used for MLGD treatment.” In the RE-PECVD
setup, the plasma is generated between two horizontal parallel-plate
electrodes, in a stainless steel vacaum chamber fed by a radio-
frequency (300 W) power generator purchased from RFVII Co
connected directly to the impedance matching network. The chamber
was evacuated by a rotative pump RVI12 (Edwards Co) and
pressurized with a mix of Ar (5.4 X 107! Torr) and O, (0.6 X 107"
Torr), applying power of 65 W for 25 min on each sample side.

Effect of Exfoliation Parameters on Flake Properties. Key
experimental parameters that govern the resulting MLG morphology
are solvent selection, sonication energy/intensity, sonication time,
dispersion concentration, and temperature control. Solvents with
surface energies close to that of graphene (e.g., certain alcohols and
dipolar aprotic solvents) facilitate exfoliation and stabilization of few-
layer flakes. Increased sonication energy and longer sonication times
generally improve the exfoliation yield and produce thinner flakes but
at the expense of increased edge defects and some in-plane disorder
(higher I,/I; in Raman). Probe (tip) sonication typically produces
higher shear forces and faster exfoliation than bath sonication,
resulting in smaller lateral sizes but more defects if overprocessed.
Likewise, elevated temperature during sonication accelerates exfolia-
tion but can promote reaggregation or chemical attack; for this
reason, we used intermittent cooling. In our samples (3 h sonication
in n-propanol), we observe flakes with thickness in the 5—13 nm
range and lateral size predominantly 15—50 pgm (TEM/SEM/Image]
measurement; see Results and Discussion section and Supporting
Information (SI)). Raman spectra and TEM indicate minimal basal-
plane damage under the chosen conditions, consistent with a high-
yield, low-defect multilayer product optimized for electrode
fabrication.**

Physical Characterization. After their preparation, composi-
tional analyses were performed using energy-dispersive X-ray
spectroscopy (EDS), with an Oxford Instruments XMax-n 80 X-ray
detector coupled to the microscope. The images were obtained by
using a Jeol JSM7100F field-emission scanning electron microscope
(FEG-SEM) with an electron acceleration voltage of S kV in
secondary electron detection (SED) mode. Secondary (SE) and
bright-field (BF) scanning transmission electron microscopy (STEM)
observations were conducted using a Hitachi HF5000 probe-
corrected field-emission transmission electron microscope operating
at 200 kV. A drop of the sonicated dispersion of each powder was
applied to lacey-carbon copper grids and left to dry prior to
observation. Subsequently, Image] software was used to measure the
size of the analyzed material.

X-ray diffraction was performed using a Shimadzu diffractometer
model DRX-6000, depositing the powder samples of the electro-
catalysts on the glass support, using an incident angle of 10—90° and
scanning speed of 2°/min with an incident radiation wavelength of
1.54 A (Cu K at 40 kV and 30 mA) at a temperature of 23 °C.

Raman mapping was acquired with a Renishaw in Via (07UMOS)
using a 532 nm laser and a 1800 I'mm™' grating with a 100X
objective. Maps comprised 900 points per sample (S spectra averaged
per point), exposure of 0.5 s per point, and 5% laser power. The D
and G peak areas were integrated to obtain I,/I; (area), and
crystallite sizes (L,) were estimated using the Cangado relation
appropriate for low-to-moderate defect densities (Ferrari—Robertson
Stage 1).29

Cyclic Voltammetry Testing. Electrochemical characterizations
were performed in a three-electrode electrochemical cell with a (Pt)-
gauze counter electrode and Ag/AgCl/KCl,,, as the reference
electrode for acid medium, and the saturated calomel electrode
(SCE) was used as reference for the alkaline medium. The
measurements were carried out with an Autolab PGSTAT 302N
potentiostat/galvanostat at room temperature (~27 °C) in 0.5 M
H,SO, (Sigma-Aldrich) and 1.0 M NaOH (Sigma-Aldrich) both with
four ethanol concentrations in the electrolyte. The working electrode
was prepared by depositing a 35 uL aliquot of ink into a Teflon-
shrouded 0.385 cm” glassy-carbon disk electrode. The ink
composition was as follows: S mg of GP, 1.4 mL of water, 1.0 mL
of ethanol, and 0.1 mL of Nafion 117 solution (Sigma-Aldrich). A
Teflon-shrouded (Au)-gauze electrode (geometric area is 0.7854 cm?)
was used as an electrical contact support to the MLGD electrodes,
tested by complete immersion in the three-electrode cell solution.

The calculation formulas and normalization procedure are provided
here for reproducibility. Specific capacitance (mF/mg) was calculated
from the CV curves as
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[1(v)dv
‘mass v AV-m

where m is the mass of GP deposited (determined from suspension
concentration and deposited volume and confirmed gravimetrically).
Areal capacitance (mF/cm?) was calculated as

J1(v)dv
area »AV-A

where A is the electrode geometric area. Both normalizations are
reported in the paper (Tables 1 and 2) to allow material-level and
electrode-level comparisons.

Table 1. Capacitances of GP Electrodes Calculated from
Figure 8

capacitance (mF/mg) capacitance (mF/cm?)

electrode acid alkaline acid alkaline
graphene 3.5 1.8 0.64 0.33
ethanol 0.5 M 3.2 1.9 0.58 0.35
ethanol 1.0 M 29 2.1 0.53 0.38
ethanol 2.0 M 2.6 2.0 0.48 0.36
ethanol 3.0 M 2.4 1.9 0.44 0.34

Table 2. Capacitances and Current Peaks of MGLD
Electrodes Obtained from Figure 9

capacitance current peak
(mF/cm?) (mA/cm?)
electrode acid alkaline acid alkaline
Electrolyte
MLGD pristine 11.88 9.10 1.01 0.70
MLGD-CO, MW-PECVD 16.15 10.03 1.39 0.81
MLGD-O, MW-PECVD 16.52 10.40 1.34 0.76
MLGD-O, RF-PECVD 15.98 11.54 1.36 0.88
Electrolyte + 2.0 M Ethanol
MLGD pristine 12.48 8.85 1.14 2.09
MLGD-CO, MW-PECVD 16.58 8.92 1.50 231
MLGD-0O, MW-PECVD 16.76 9.53 1.47 2.52
MLGD-O, RE-PECVD 15.46 9.95 1.46 2.94

To evaluate the catalytic performance of MLGD, we chose ethanol
oxidation as the model reaction. Ethanol is widely used as a
benchmark fuel in direct alcohol fuel cell and electrocatalysis studies
because it is readily soluble in aqueous electrolytes and, when
completely oxidized, can deliver up to 12 electrons per molecule,
providing a high theoretical charge yield. Additionally, ethanol
exhibits lower membrane crossover and fewer contamination issues
than methanol in practical fuel cell contexts, and therefore provides a
safer and more representative liquid fuel for comparative electrode
testing,’>>' We also evaluated H, feeding in a three-electrode aqueous
cell, but direct hydrogen bubbling generated significant bubble-
induced noise and unstable contact at the electrode—electrolyte
interface, producing data with insufficient reproducibility for the
present comparative study. For these practical and mechanistic
reasons, controlled ethanol solutions in a three-electrode cell were
chosen as the most suitable platform to isolate and quantify the effects
of PECVD-modified MLG disk electrodes.

Electrochemical impedance spectroscopy measurements were
performed by using an AUTOLAB PGSTAT 302N potentiostat.
Data acquisition was carried out with NOVA 2.1.7 software, and data
treatment and fitting were performed with AfterMath Electrochemical
Studio. The measurements were conducted in a conventional three-
electrode cell, employing the MLGD electrode as the working
electrode, a Pt wire as the counter electrode, and an Ag/AgCl/KCl,,,
electrode as reference. The electrolyte consisted of a 0.1 M KOH

solution. The impedance spectra were recorded at a fixed potential of
0.1 V vs Ag/AgCl, with a frequency range from 50 kHz to 1 mHz,
applying a sinusoidal AC perturbation of 1 mV (p—p). All
measurements were carried out at ambient temperature (approx-
imately 20 °C). EIS fittings used constant phase elements (CPE) to
model nonideal capacitive behavior. CPE parameters Y, and n were
converted to effective capacitance (C,g) using the approach described
by Hirschorn et al. to enable direct comparison with CV-derived
capacitances.32

B RESULTS AND DISCUSSION

Along with the highlighted new materials researched in the
past decades, graphene is promising, but in the meantime it
struggles with the scalability of production. The major issues
are linked with quality control, purity, and cost of equipment
and processes. The individual MLG sheets exhibit lateral
dimensions of 1-50 pm and thicknesses of 5—13 nm, as
determined from the SEM/TEM analysis, without the
characteristic grain boundaries observed in polycrystalline
graphene produced by CVD methods. These dimensions are
consistent with the moderate-energy ultrasonication protocol
employed here (3 h in n-propanol) (Figure 1), which promotes
efficient exfoliation of expanded graphite while largely
preserving the basal-plane order. In general, longer sonication
times or higher probe powers tend to reduce the lateral size
and increase disorder, leading to a higher D/G intensity ratio
in Raman spectra.”® The balance observed in our samples
therefore reflects a compromise between exfoliation yield and
defect generation, yielding multilayer graphene with a large
lateral size and relatively low defect density suitable for
electrode fabrication. The graphene sheets exhibit strong
intermolecular interactions that could, in principle, lead to
stacking. However, in our samples, such stacking was minimal,
likely due to the small sheet thickness and synthesis conditions.
These strong interactions simultaneously facilitate a high
degree of anchoring for metal nanoparticles, ensuring a high
metal loading and uniform dispersion on the graphene
surface.”>** Figure 2¢,d shows SEM images of the synthesized
multilayer graphene powder (MLG) after thermal expansion,
in comparison with the pristine natural graphite precursor. The
expanded MLG exhibits thinner, well-separated sheets with
higher structural uniformity and reduced layer stacking,
whereas the original graphite (Figure 2ab) displays thick,
densely packed lamellae characteristic of the bulk material.
These observations confirm the efficiency of the thermal
expansion step in promoting interlayer separation and partial
exfoliation, yielding a more open morphology favorable for
subsequent PECVD functionalization.” These features enable
the electrochemical application of MLGD avoiding the
intrinsics disadvantages, while maintaining the benefits, such
as, high surface area, high electrical conductivity, 6porosity, and
adsorption resistance to some chemical species.””*”

Figure 3 presents the X-ray diffraction patterns of multilayer
graphene powder (GP) and the MLG disk electrodes
(MLGD). The present peaks at 27° and 54° in 20 are
assigned to Miller indices of C (002) and C (004), where the
sharp narrow shape indicates the crystallinity of the graphene
structure. The peaks around 42°, 44°, 77°, and 87°, Miller
indices of C (100), C (101), C (110), and C (006),
respectively, can be assigned to the crystal structure of
gr21phite.38’39 These results, along with EDS (Figure 5),
demonstrate the purity of graphene synthesized by our
method, conversely to residues and contamination on
graphene obtained by liquid-phase exfoliation, reduction of
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Figure 1. Schematic diagrams of the synthesis processes and PECVD treatment.

graphene oxides, and epitaxial growth on silicon carbide (SiC)
methods. At the same time, elemental mapping indicates a
certain amount of oxygen species on the graphene surface of
MLGD-CO, MW-PECVD than MLGD-O, MW-PECVD,
corroborating with the more intense surface change shown
by SEM images. Figure 3 presents two spectra, GP and MLGD,
and thus an issue related to physical modifications or sample
preparations is the change in the original properties; in this
case, the manufacturing compacting of graphene powder in a
disk could alter their physical structure. Nonetheless, the

absence of some peaks in MLGD in comparison with GP is
due to the flake orientation by the compression process, which
increased the sharp peaks of C (002), C (004), and C (006),
obscuring the view of the other peaks. Despite that, the peaks
alignment between them establishes the same crystalline
features; therefore, all electrochemical data of both GP and
MLGD can be analyzed together.

The C(002) reflection of the compacted MLGD disks
exhibits a small left-hand shoulder (lower 26) and an
asymmetric profile relative to the GP powder. Such asymmetry

https://doi.org/10.1021/acsanm.5c03602
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Figure 2. SEM of (a, b) natural graphite and (c, d) multilayer graphene powder (GP).
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Figure 3. XRD of GP (black) pristine powder from synthesis and disk
electrodes MLGD (blue).

of the (001) family is well-documented for graphitic materials
and may arise from turbostratic stacking (rotational and
translational disorder between graphene layers), local variation
of interlayer spacing, and preferred orientation (texture)
introduced by the mechanical compaction process rather
than from an additional crystalline impurity. Warren’s random-
layer lattice theory and subsequent simulations show that
stacking disorder and layer rotation generate asymmetric and
broadened (00l) features; numerical modeling further
demonstrates how fluctuations in d(002) and curvature
produce shoulders at lower 26.*>*' Moreover, oxidation/
intercalation or small populations of less-ordered graphenic
domains produce an effective increase in interlayer spacing and
a broad low-angle contribution beneath the main (002) peak,
which appears as a left shoulder in the measured pattern.”>*
In our samples, no additional diffraction lines attributable to
foreign crystalline phases are observed, and elemental
mapping/EDS (Figure S) does not indicate significant
contamination; therefore, we attribute the observed asymmetry

primarily to turbostratic disorder and compaction-induced
texture.

Figure 4 presents Raman results and consists of 2D maps for
all samples herein studied. The averages of the 900 spectra of
each sample studied that resulted in the 2D maps are also
presented. The averaged Raman metrics for the samples are
pristine MLG (Ip/I; = 0.07, L, ~ 275 nm), CO, MW-PECVD
(In/Ie = 0.28, L, ~ 69 nm), O, MW-PECVD (I,/I;, = 0.26, L,
~ 74 nm), and O, RF-PECVD (Ip/I; = 0.21, L, ~ 92 nm).
These values confirm that PECVD treatments move the
compacted MLG along the Stage-1 amorphization trajectory—
i, increased Ip/I; corresponds to smaller sp* domain sizes
and higher density of edge/point defects, while the G-band
remains dominated by sp* vibrations, consistent with retention
of a largely conjugated network.”” Although it may seem
counterintuitive that a CO, feedstock yields higher oxygen
incorporation than molecular O,, the plasma chemistry and
dissociation pathways explain this observation. CO, plasmas
generate a mixture of reactive species (CO, CO*, O, OH,
CxOy radicals) and intermediate carbon—oxygen fragments
that can graft oxygen functional groups (C—0O, C=0) onto
near-surface carbon while simultaneously creating defects; in
contrast, energetic O, plasmas tend to favor oxidative etching
and removal of carbon atoms, which can leave less residual
surface oxygen in some regimes. Empirical plasma functional-
ization studies on graphite/graphene systems have observed
similar trends, with CO, discharges introducing abundant
oxygenated groups, while O, discharges under aggressive
conditions produce stronger etching/fragmentation. Our
measured higher Ip/Ig for CO, MW-PECVD is therefore
consistent with a CO,-driven pathway that both functionalizes
and defects the surface rather than simply removing the
material.

Microwave (MW) and radiofrequency (RF) plasmas differ
in their power coupling, electron energy distributions, and
plasma densities. MW plasmas commonly produce higher
localized electron energy and higher radical densities at
comparable nominal power, leading to faster reaction kinetics
on the surface (both functionalization and etching). RF

https://doi.org/10.1021/acsanm.5c03602
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discharges typically produce more uniform, lower-energy
plasmas with gentler modification. These mechanistic differ-
ences rationalize why MW treatments (CO, or O,) yield the
highest I,/I values in our data set, while RF-PECVD (O,)
produces a more moderate increase in Ip/I; together with
larger L, a combination that preserves conductivity while
introducing useful active sites. * In Stage-1 materials, an
increased I/l (smaller L,) signals a larger population of
edges, vacancies, and oxygenated defects that introduce
localized states in the electronic density of states (DOS)
near the Fermi level. These localized states can shift/reshape
the effective DOS at Ef, increase electronic localization at
defect sites, and modify the local work function. Practically, a
moderate increase in defectivity and oxygen functionalization
can raise the density of active sites for adsorption and charge
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transfer without rendering the material insulating; an excessive
defect concentration, however, will reduce percolative
conduction and degrade kinetics. Raman alone does not give
direct chemical speciation (types of oxygen groups) or depth
profiling, but the Ip/Ig + L, trends are consistent with an
increased near-surface population of reactive centers able to
interact with the electrolyte species.*’

The plasma-enhanced chemical vapor deposition (PECVD)
is a treatment also used to modify the surface structure that,
combined with the appropriate choice of gases and its partial
pressures, can promote the formation of functional groups as
well as alter the electronic properties of the samples by reactive
species present in the glow discharge, such as, electrons, ions,
and free radicals.* In the case of graphene, this can be used to
generate defects on the surface and edge of the layers, enabling
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the change of intermolecular interactions between the
graphene layers and a third part (Figure 6). The PECVD
treatment can induce vacancies, voids, and holes in the sample,
as well as impurities from the gas composition, which can
change the properties, such as resistance and conductivity, and
the interaction with chemical species. Figure S presents the
EDS of MLGD electrodes, indicating the absence of significant
impurities from PECVD. It was previously studied that the
incorporation of oxygen by PECVD is around 5%; however, it
should be noticed that the MLGD-O, MW-PECVD (Figure
Sc) exhibits oxygen incorporation in located regions, detected
around 0.13 wt % along the surface and 1.05 wt % for MLGD-
CO, MW-PECVD (Figure Sb). Even at higher oxygen doping,
no XRD change was detected by PECVD, maintaining the
pristine peaks. This low oxygen concentration in graphene

samples treated by reactive PECVD proved to be interesting
for site activation, resulting in significant improvements in the
sensitivity of electrochemical sensors and in the capacitance
values of self-supported electrochemical supercapacitors.*’~*’
Besides that, since MLGD-O, RF-PECVD exhibited a smaller
amount of oxygen species presence as MLGD-O, microwave-
assisted, the type of excitation used to generate the plasma
discharge (RF or MW) directs influences in the elemental
composition.

An analysis of the effects of different gases used in the MW-
PECVD treatment (Figure 6) reveals that the O, plasma
produces more pronounced edge etching and localized damage
(Figure 6¢) compared with CO, treatment (Figure 6b).
However, Raman spectroscopy provides complementary in-
sight showing that the CO, plasma leads to a higher I;,/I; ratio
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Figure 6. SEM of (a) MLGD pristine, (b) MLGD-CO, MW-PECVD, (c) MLGD-O, MW-PECVD, and (d) MLGD-O, RF-PECVD.

(0.28) than the O, MW-PECVD sample (0.26) and the O,
RF-PECVD sample (0.21) (Figure 4), indicating that CO,
plasma induces a greater overall defect density across the
graphene surface. This apparent contrast between edge
morphology and global defect content arises from differences
in plasma chemistry and gas-phase energetics: oxygen plasmas
possess higher dissociation energy and generate highly reactive
O radicals responsible for local edge etching, whereas CO,
plasmas form a more diverse mixture of CO, O, and OH
radicals that promote wider surface oxidation and defect
formation over the basal plane.*”*" These results collectively
demonstrate that the type of gas and plasma excitation mode
can selectively modulate the balance between edge activation
and bulk defect generation, directly influencing the electro-
chemical behavior of the treated MLGD electrodes. However,
PECVD treatment produced localized disruption of the MLG
surface (SE-STEM/TEM, Figure 7c) and measurable changes
in the near-surface structural order compared to pristine
MLGD (Figure 7e). Raman mapping (Figure 4) indicates that
no wholesale peak disappearance occurs after plasma exposure,
consistent with preservation of the overall sp* framework;
however, the D-band intensity increases substantially after
treatment (Ip/I; = 0.07 for pristine MLG; 0.28 for CO, MW-
PECVD; 0.26 for O, MW-PECVD; and 0.21 for O, RF-
PECVD), demonstrating a moderate rise in defect density and
edge content. The G-band shows only slight broadening and a
small shift, which is consistent with local strain and charge-
transfer effects introduced by surface functionalization.””
Together, the STEM and Raman data indicate that PECVD
introduces controlled, edge-localized disorder and oxygenated
functionality (holes, vacancies, and edge roughening) while
retaining the underlying graphitic lattice, a balance that
enhances surface reactivity without causing bulk amorphiza-
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tion. Furthermore, PECVD treatment presented an effect on
the surface chemistry by the decreased intensity of high
binding energy components, and sp?/sp® hybridization ratio
increased, supporting the Raman analysis of a higher I/Ig
ratio (Figure 4). Plasma exposure alters the near-surface
electronic environment of the multilayer graphene electrodes.
In this work, the conclusion that the plasma activation modifies
the electronic properties of MLG is supported by multiple
complementary, indirect observations: (i) Raman spectroscopy
shows increased Ip/I; and slight G-band broadening/shift
consistent with enhanced edge/disorder and charge-transfer
effects; (ii) EIS data reveal systematic reductions in R and
increases in conductance after RE-PECVD activation; and (i)
electrochemical behavior (increased capacitance and altered
ethanol oxidation currents) consistently reflects an altered
density of active electronic states at the electrode surface.
These combined indicators are consistent with a plasma-
induced shift of the Fermi level and a modification of the
effective work function, although no direct photoemission or
Kelvin-probe work-function measurement was performed
here.” Figure 6 shows the SEM images of the MLGD
electrodes herein studied. The MLGD pristine (Figure 6a)
exhibits a smooth edge and compressed layers. The MW-
PECVD (Figure 6b,c) provoked more uniform and dispersed
modifications along the surface than RE-PECVD (Figure 6d);
however, the latter produced smoother surfaces than the
former one as well as preserving the edges of the flakes (Figure
6¢). Analyzing the results for samples treated by MW-PECVD,
the use of O, discharge (Figure 6c) induced higher intense
modifications destroying edge layers and producing large holes
that mitigate the enhancement produced by PECVDs, due to
the new edges having smoother defects than CO, discharge
(Figure 6b). Therefore, CO, MW-PECVD will produce
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SE-STEM

Figure 7. SE-STEM images showing the morphology of (a) pristine, (c) CO,-treated, and (e) O,-treated graphene nanomaterials, highlighting
their multilayer structure and progressive fragmentation due to oxidation. Corresponding high-resolution BF-STEM images of (b) pristine
nanosheets, (d) CO,-treated graphene, and (f) O,-treated graphene. Insets show higher-magnification SE-STEM images of the surface and edges,
emphasizing the increasing surface roughness from pristine to O,-treated graphene.

uniform and dispersed edge defects, while O, MW-PECVD
will produce intense surface modifications, such as large holes
and severe destruction of edge sheets, while O, RE-PECVD
aimed to produce flat and smooth defects in the edges.
Figure 7 shows the secondary electron and bright-field
STEM images of graphene nanosheets without (pristine) and
with (exposed) CO, and O, surface treatments. Figure 7a,c,e
clearly reveals the multilayer nature of graphene nanomaterials,
with pronounced morphological differences depending on the
treatment. The pristine nanomaterial (Figures 7a) displays
large, thick flakes with well-stacked layers indicative of a highly
crystalline structure. In contrast, the CO,-treated graphene
(Figure 7c) shows more delaminated flakes, suggesting partial
exfoliation and moderate disruption of the interlayer stacking.
The O,-treated graphene (Figure 7e) features smaller, highly
fragmented flakes, pointing to extensive oxidative etching and
increased structural disorder. These morphological changes are
corroborated by the high-resolution BF-STEM images (Figure

7b,d,f): the pristine graphene exhibits well-defined graphitic
fringes with an interlayer spacing of ~3.4 A, characteristic of
the (002) planes in graphitic materials.””>* The CO,-treated
graphene retains some degree of ordering, although signs of
surface amorphization are evident at the nanosheet edges. In
the case of the O,-treated graphene, lattice fringes are still
present but surrounded by amorphous regions, indicating
severe structural degradation. The SE-STEM insets further
support this progression, showing smooth surfaces in the
pristine material, increased surface roughness in the CO,-
treated graphene, and extensive edge damage and roughening
in the O,-treated counterpart. Altogether, these observations
suggest that CO, treatment induces moderate structural
alterations, whereas exposure to O, leads to pronounced
oxidative degradation, substantially affecting both the physical
structure and potentially the electronic behavior of the
graphene.
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Figure 8. Voltammogram of GP in the electrolyte: (a) 0.5 M H,SO, and (b) 1.0 M NaOH in the oxidation of ethanol at different concentrations, v
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The morphological differences described in the main text
(flake delamination, roughening edge, and local amorphiza-
tion) are supported quantitatively by the spectroscopic and
imaging metrics already presented. First, Raman-derived defect
metrics change substantially after PECVD: Ip/I; increases
from 0.07 (pristine) to 0.28 (CO, MW-PECVD, a ~4 X
increase) and to 0.26 (O, MW-PECVD), while the
corresponding L, values drop from ~275 nm (pristine) to
~69—74 nm (CO,/O, MW-PECVD). These large fold-
changes in Ij/I; and L, provide a robust, spatially averaged
measure (900-point maps) of increased edge and defect
density at the sample surface. Second, EDS elemental mapping
shows a markedly higher localized oxygen uptake for CO,
MW-PECVD (~1.05 wt % localized O) than for O, MW-
PECVD (~0.13 wt % localized O), consistent with CO,
favoring grafting-type oxygenation, while O, produces more
etching/fragmentation with less residual surface oxygen. Third,
the SEM/STEM micrographs (Figures 6 and 7) show
correlated morphological signatures: the CO,-treated material
exhibits more pronounced delaminated/folded regions and
increased surface roughness (consistent with increased edge
population inferred from I,/I;), whereas the O,-treated
material exhibits more extensive local loss of crystalline fringes
and hole-like features (consistent with oxidative etching and a
higher local amorphous fraction inferred from BF-STEM).
Taken together, these complementary, independent metrics
(large-area Raman maps, localized EDS quantification, and
representative STEM/SEM micrographs) form a coherent
quantitative picture: CO, MW-PECVD increases near-surface
oxygen functionalization and edge population (higher Iy/I,
higher localized O wt %), while O, MW-PECVD produces
stronger oxidative fragmentation and local amorphization (loss
of lattice fringes and hole formation) even when the residual
surface oxygen is lower. The magnitude of the Raman and EDS
changes (multifold) and their spatial consistency across the
mapped areas support the interpretation that the observed
morphological differences between CO,- and O,-treated
graphene are real and significant within the scope of the
presented data set.
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To evaluate the direct impact of PECVD treatment on
graphene’s electrochemical performance, and to explore its
future use as a catalyst support in the absence of any metal, we
first characterized both pristine graphene powder (GP) and
compacted MLG disk electrodes (MLGD) in a standard three-
electrode cell. Figure 8 shows cyclic voltammograms of the GP
on a glassy-carbon electrode. In both electrolytes, acid and
alkaline (Figure 8a,b), the GP (black line) has not presented
any electrochemical peak characteristics due to the presence of
metals, another indication of the graphene composition purity.
The addition of ethanol in H,SO, (Figure 8a) has not shown
significant changes, indicating the absence of oxidation activity
by GP in acid electrolyte. On the other hand, the areal
capacitance was calculated from the CV curve according to the
standard method based on the geometric area of the electrode
(Figure 8a) and decreases along with the increase of ethanol
concentration (Table 1). To facilitate a fair comparison
between the two electrode formats, we report complementary
normalizations: mass-normalized capacitance (mF/mg) for
GP-coated vitreo-carbon electrodes and areal capacitance
(mF/cm?) for compacted MLGD disks. The GP deposits are
porous multilayer films formed from a suspension; therefore,
mass normalization better reflects the intrinsic charge-storage
capacity of the deposited material and its accessible porosity.
In contrast, MLGD disks are compacted films with controlled
geometry and continuous conductive pathways; areal normal-
ization is therefore more representative of electrode-level
performance and practical device metrics. Both normalizations
are shown in Table 1.

The presence of ethanol can create diffusional barriers,
increasing the interfacial resistance by the change in the
viscosity and the conductive environment. Nevertheless, this
should affect the capacitance similarly in both electrolytes; the
changes in the acid were more intense, while the alkaline
electrolytes present a capacitance variation. The higher
mobility and protonation of oxygen-containing groups, e.g.,—
OH and —COOH, in acid tends to a thinner double layer
enhancing the electrostatic interaction leading to a higher
capacitance, while in the alkaline electrolyte, OH™ ions along
with oxygen-containing groups deprotonated increases the
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Figure 9. Voltammogram of MLGD electrodes in (a) 0.5 M H,SO,, (b) 0.5 M H,SO, + 2.0 M ethanol, (c) 1.0 M NaOH, and (d) 1.0 M NaOH +

2.0 M ethanol, v = 50 mV S'~.

negative surface charge, expanding the double layer and
decreasing the capacitance. Hence, the decrease of capacitance
in acid with increase of ethanol concentration is due to the
surface charge changes modifying the double layer; while in the
alkaline electrolyte, it exhibited a lower capacitance compared
with acid, although its surface charges and double layer were
more stable.

In the opposite observed during acid voltammograms, in the
alkaline electrolyte (Figure 8b), graphene showed catalytic
activity in the presence of ethanol, indicating the influence of
the OH™ groups present in the solution and the characteristics
of the graphene 7z bonds toward oxidation reactions.
Furthermore, the current tends to increase with ethanol
concentration up to 1.0 M, beyond which the values at 2.0 M
and 3.0 M remain relatively similar, suggesting a plateau. This
behavior may be associated with diffusional limitations or
changes in interfacial resistance due to ethanol-induced
alterations in wettability, which could affect the conductive
environment, double-layer structure, and dielectric properties.
Notably, the forward and backward scans at 1.0 M show slight
differences, indicating possible kinetic or surface interaction
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effects that are worth further investigation. Electrolyte—
material interactions play a decisive role in the catalytic
behavior of graphene. In our work, pristine multilayer graphene
(GP) already exhibits measurable ethanol oxidation in an
alkaline electrolyte, an encouraging result that highlights GP’s
high surface area and abundant edge sites as intrinsic active
centers. Building on this activity, we then move from GP to
MLGD to further enhance the current densities and
mechanical robustness.

In the acid electrolyte, MLGD have not exhibited ethanol
oxidation activity (Figure 9b), and even right after ethanol
addition in the solution, the change of voltammogram shape
was negligible (individual plots in Figures S1 and S2).
Analyzing the impact of plasma treatment on electrochemical
performance, the MW-PECVD generated an increase around
35% on catalyst activity, followed by RE-PECVD around 30%
(Table 2). In an alkaline electrolyte, the presence of hydroxide
ions (OH") plays a crucial role in modifying the surface of
graphene, toward that, MLGD electrodes in the ethanol
solution exhibited oxidation activity (Figure 9d). Furthermore,
the edges and defect sites on the electrode structure directly
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influence oxidation performance, being attested by the increase
of the oxidation peaks (0.1 V vs SCE) by the PECVD
treatment, where MLGD-O, RE-PECVD achieved the highest
current density peak (Figure 9d). Compared with acid
solution, the performance of MLGD in alkaline pure solution
(Figure 9d) exhibited inferior current densities (Table 2);
however, paying attention, radiofrequency plasma activation
promoted current density peaks 25% and 40% greater than
MLGD pristine, in pure and alkaline solutions with ethanol,
respectively. The O, RE-PECVD treatment produced precise,
smooth edge defects (Figure 6d). The zigzag and armchair
edges on graphene exhibit different reactivities and electronic
states. While zigzag edges can host localized electronic states
that may be magnetic, armchair edges generally exhibit
different band structures.”* These edge sites tend to be more
reactive than the basal plane due to unsaturated bonds, which
increase the susceptibility to chemical modification and
increase the reactivity. Zigzag edges are known to present
more unsaturated bonds and higher reactivity compared with
the basal plane. In our PECVD-treated MLGD samples,
evidence for such edge activation is indirect but consistent
across multiple techniques: SEM and TEM reveal edge
roughening and partial delamination (Figures 6 and 7);
Raman spectra (Figure 4) show increased D/G ratios,
indicative of a higher defect density; and electrochemical
measurements (Tables 2 and 4) display increased double-layer
capacitance and ethanol oxidation currents, consistent with a
higher population of active edge sites. While XPS with etching
and depth profiling would provide quantitative confirmation of
the edge versus basal contributions, such experiments are
beyond the scope of the present work and will be the subject of
future studies. These characteristics, together with the
electrolyte and ethanol, demonstrate the efficiency of
PECVD treatment in modifying the graphene structure and
enhancing its electrochemical activity. The MLGD electrodes
capacitance (Table 2) indicated that PECVD increased the
surface defects leading to a thinner double layer, producing a
higher capacitance in both electrolytes. However, while
MLGD-CO, and MLGD-O, MW-PECVD exhibited the
highest capacitance in the acid, an increase of 39% and 34%
in comparison to MLGD pristine for electrolyte solution and
acid + 2.0 M ethanol, respectively, MLGD-O, RE-PECVD
performed better in the alkaline electrolyte, indicating that
defect produced reacts more effectively with oxygen-containing
functional groups improving the electrochemical capacitance
and catalytic activity.”’ Taking MLGD pristine as reference,
the plasma activation by radiofrequency on graphene surface
leads to 27% and 12% increase of capacitance (Table 2) in
alkaline solution without and with ethanol presence. Despite
the enhanced percentage of capacitance, we should pay
attention to the performance of MLGD toward oxidation
reactions. GP and MLGD are more electrochemically active in
the alkaline electrolytes, and along with RE-PECVD treatment,
the MLGD achieved a performance 40% greater than pristine
(Table 2).

A comparison between Tables 1 and 2 through comple-
mentary normalizations emphasizes different performance
aspects: mass-normalized capacitance (mF/mg) for GP-coated
glassy-carbon electrodes and areal capacitance (mF/cm?) for
self-supported MLGD disk electrodes (3.0 cm diameter). The
GP samples were prepared by drop casting a GP suspension
onto a glassy-carbon support (geometric area = 0.385 cmz);
therefore, normalization by deposited mass better reflects the
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intrinsic charge-storage capacity of the porous multilayer
coating and accounts for the role of layer porosity and mass
loading in determining the electrochemically accessible surface.
In contrast, MLGD disks are compacted, continuous films with
substantially higher mass per unit area and a continuous
conducting network; areal normalization is therefore the more
appropriate metric to evaluate electrode-level behavior and
device-relevant performance. Quantitatively, GP deposits show
low areal values (~0.33—0.64 mF/cm? Table 1) whereas
MLGD disks present much larger areal capacitances (~11.9—
16.8 mF/cm?, Table 2). This order-of-magnitude difference
primarily reflects electrode architecture and mass loading
rather than an intrinsic inferiority of the GP material: thin,
porous GP coatings have limited mass per area, and their
utilization depends strongly on electrolyte penetration,
tortuosity, and ion transport within the multilayer. By contrast,
MLGD disks provide higher accessible mass and a continuous
conductive path, so more surface/defect sites contribute to the
measured areal capacitance. PECVD surface modification of
MLGD further increases the areal capacitance and ethanol
oxidation currents (Table 2), consistent with an increase in
electrochemically active sites (defects, edges, oxygen function-
alities) that enhance both double-layer and pseudocapacitive
contributions and improve reaction kinetics.

Table 3 summarizes the areal capacitances measured at
cycles 1, 8, and 15 and the corresponding capacitance-
retention values for all MLGD samples (scan rate = S0 mV-s™;

Table 3. Short-Term Cycling Stability Areal Capacitance
and Retention Values of MLGD Electrodes

capacitance (mF/ sz) capacitance retention

1st 8th 15th at 8th at 15th
electrode cycle cycle cycle cycle cycle
Acid Electrolyte
MLGD pristine 11.09 11.73 11.88 105.7% 107.1%
MLGD-CO, 14.99 15.96 16.15 106.5% 107.7%
MW-PECVD
MLGD-CO, 15.22 16.24 16.52 106.7% 108.6%
MW-PECVD
MLGD-O, 14.53 15.73 15.98 108.2% 109.9%
RFE-PECVD
Acid Electrolyte + 2.0 M Ethanol
MLGD pristine 12.50 12.52 12.48 100.1% 99.8%
MLGD-CO, 16.60 16.61 16.58 100.1% 99.9%
MW-PECVD
MLGD-O, 17.07 16.89 16.76 98.9% 98.2%
MW-PECVD
MLGD-O, 15.62 15.52 15.46 99.4% 99.0%
RFE-PECVD
Alkaline Electrolyte
MLGD pristine 8.43 8.86 9.10 105.1% 108.0%
MLGD-CO, 9.15 9.89 10.03 108.1% 109.6%
MW-PECVD
MLGD-O, 9.39 10.23 10.40 108.9% 110.8%
MW-PECVD
MLGD-O, 10.79 11.44 11.54 106.0% 106.9%
RE-PECVD
Alkaline Electrolyte + 2.0 M Ethanol
MLGD pristine 8.94 8.90 8.85 99.5% 99.0%
MLGD-CO, 8.86 8.99 8.92 101.4% 100.6%
MW-PECVD
MLGD-O, 9.73 9.61 9.53 98.8% 98.0%
MW-PECVD
MLGD-O, 10.42 10.11 9.95 97.1% 95.6%
RF-PECVD
https://doi.org/10.1021/acsanm.5c03602
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Figure 10. Capacitance-retention plots of MLGD electrodes over 1S5 consecutive CV cycles in different solutions: (a) 0.5 M H,SO,, (b) 0.5 M
H,S0, + 2.0 M ethanol, (c) 1.0 M NaOH, and (d) 1.0 M NaOH + 2.0 M ethanol.

capacitance calculated from Figure 9). The data show excellent
short-term stability for all electrodes: retention after 15 cycles
ranges from 95.6% to 110.8%, with most samples exhibiting
>98% retention. In acid electrolytes, the PECVD-treated
MLGD electrodes display modest increases in areal capaci-
tance over the first 1S5 cycles (up to =~ 110% for O, RF-
PECVD), which we attribute to a short activation/wetting
stage (progressive electrolyte penetration, exposure of near-
surface defect sites, and removal of weakly adsorbed species)
rather than to irreversible structural changes. In acid + 2.0 M
ethanol, the areal capacitances remain essentially unchanged
(~99—100% retention), indicating that ethanol at this
concentration does not induce short-term degradation. In
alkaline electrolytes, the treated disks again show small
conditioning increases (~106—111% retention for several
PECVD samples), whereas in alkaline + ethanol, a few
electrodes show slight decreases (down to 95.6% for O, RF-
PECVD), likely reflecting competitive adsorption of organic
species and subtle changes in ion access under these
conditions.

Figure 10 presents the capacitance-retention plots derived
from the tabulated data (percent retention vs cycle number),
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which provides a compact visual summary of the numerical
trends reported in Table 3. Representative CV overlays are
provided in Figures S3—S6; the overlays confirm negligible
change in voltametric shape between the first and 15th cycles.
Taken together, the quantitative retention plots, numeric table,
and stacked CVs demonstrate stable short-term electro-
chemical behavior of the MLGD electrodes under the tested
conditions. Extended long-term durability (e.g., accelerated
cycling to thousands of cycles or extended chronoamperom-
etry) is beyond the scope of the present work and will be
addressed in future studies.

The areal capacitances measured for our compacted MLGD
disk electrodes (~11.9—16.8 mF-cm™ Table 2) are
comparable to values reported for simple graphene films and
coated electrodes in three-electrode CV measurements,
although they are lower than values published for purposely
engineered 3D or hybrid electrodes that maximize mass
loading and ionic accessibility. For context, prior studies report
areal capacitances of the same order of magnitude for thin
graphene coatings (e.g.,, ~7.7 mF-cm™ in coated 2D electrodes
and ~22.5 mF-cm™ for optimized drop-cast/rGO films),
whereas vertically aligned, foam-like or thick binder-free 3D

https://doi.org/10.1021/acsanm.5c03602
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Figure 11. Nyquist impedance spectra plot with its respective fit (solid line) (a), Bode plots of the impedance magnitude (b), and Nyquist
admittance (c) of MLGD electrodes without catalyst ink in 0.1 M KOH, E = 0.1 V vs Ag/AgCl/KClsat, frequency range of S0 kHz to 1 mHz, using

an AC amplitude of 1 mV p/p.

architectures can deliver areal capacitances in the hundreds to
thousands of mF-cm™ range.””*° Several factors account for
these differences. First, areal capacitance scales strongly with
accessible mass per unit area and with the electrode’s pore
architecture: 3D scaffolds and thick binder-free films
concurrently maximize accessible area and ion pathways and
therefore give much larger areal values than thin or simply
compacted disks. Second, chemical activation, heteroatom
doping, or inclusion of redox-active additives increase both
gravimetric and areal capacitances and are absent in the
present MLGD disks. Third, measurement conditions (scan
rate, electrolyte type and concentration, and three-electrode
geometry) influence measured values; higher scan rates
generally reduce the measured capacitance, while alkaline
versus acidic media change double-layer and pseudocapacitive
contributions. Importantly, despite the moderate absolute
values, PECVD surface modification consistently increases the
areal capacitance of MLGD relative to pristine disks (Table 2),
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indicating that surface defectivity and oxygen functionalities
enhanced electrochemical accessibility and charge storage in
our system. We therefore conclude that the measured
capacitances are reasonable for the electrode format studied
and that the PECVD treatment produces a meaningful and
reproducible improvement in electrochemical perform-

The electrooxidation of ethanol proceeds through complex
pathways that depend strongly on the electrolyte environment.
In an acidic electrolyte, partial oxidation typically yields
acetaldehyde and acetic acid as the dominant products, with
full C—C bond cleavage to CO, being kinetically limited at low
temperatures.””’ In an alkaline electrolyte, the reaction is
facilitated by the availability of OH™ species, and the main
products are acetaldehyde and acetate, again with only limited
CO, generation.m’62 Product selectivity and the relative
contribution of these parallel pathways are known to depend
on the electrode material, defect density, and local surface
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chemistry. In our study, ethanol served as a molecular probe to
evaluate the impact of PECVD surface activation on graphene
activity and we did not carry out quantitative product analysis.
Therefore, rigorous product and intermediate identification
will be required to directly correlate PECVD-induced defect
structures to product distributions.

Figures 11 and 12 show the EIS Nyquist plots, Bode
magnitude plots, and admittance representations for MLGD
electrodes without and with catalyst ink, respectively. The
equivalent circuits used for fitting are Randles-type models
augmented with constant phase elements to account for the
nonideal double-layer behavior. In these circuits, Rs is the
solution resistance, R the charge—transfer resistance related to
electron transfer during ethanol oxidation, and the CPE
(CPEdl) models the nonideal double layer (see Experimental
Section).”® Fit quality (y?) is summarized in Table 4 and
demonstrates that the selected circuits describe the data within
an acceptable error.
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In the Nyquist plots (Figure 11a), the high-frequency
semicircle is assigned to charge transfer, while the low-
frequency inclined line is associated with mass transport/
diftusion. For several pristine MLGD electrodes, the semicircle
does not close fully at low frequency, and the response is better
captured by a two-RC (two interface) model: one R ,—CPE
pair representing the electrode—electrolyte outer interface
(double layer and immediate charge transfer) and a second
R —CPE pair describing additional interfacial/bulk processes
(subsurface porosity, internal contacts, and defect-related
sites). The two-RC model yields lower y* and smaller fit
residuals than a single-RC model for these electrodes,
indicating that it more accurately represents the distinct
electrochemical processes present (see Table 4 and Supporting
Information). In contrast, ink-sprayed electrodes are well-
described by a single-RC model because the catalyst ink
homogenizes the surface and merges the two contributions
into a single dominant interfacial response.
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Table 4. Electrochemical Impedance Spectroscopy of MGLD Electrodes Calculated from Figures 11 and 12

1st RC interface

2nd RC interface

electrode R (@) R (@) CPEy (mF) R, (Q) CPEy (mF) Yo (mQ) Ve
Electrode without Catalyst Ink
MLGD pristine 26.20 158.16 2.88 2093.60 11.74 37.69 0.0181
MLGD-CO, MW-PECVD 26.01 1829.40 4.57 206.05 0.17 37.32 0.0118
MLGD-0O, MW-PECVD 25.99 2042.50 3.07 376.60 0.27 37.29 0.0108
MLGD-O, REF-PECVD 26.81 235.48 0.12 3493.50 1.85 36.30 0.0076
Electrode with Catalyst Ink
MLGD pristine 27.76 875.08 79.70 35.01 0.0071
MLGD-CO, MW-PECVD 26.63 567.79 66.14 37.26 0.0103
MLGD-0O, MW-PECVD 26.71 725.64 67.06 37.08 0.0128
MLGD-O, REF-PECVD 25.29 697.93 67.50 39.20 0.0112

PECVD treatment alters both the capacitive and resistive
properties. For bare MLGD, O,-PECVD increases the CPE
magnitude (Y,) and the derived C. consistent with an
increase in electrochemically accessible surface area due to
more edges/defects; however, excessive defecting can also
increase charge-carrier scattering and raise effective R, or
reduce Y., For ink-sprayed electrodes, PECVD improves
catalyst—electrode coupling and reduces R, MW-PECVD
produced an ~6% increase in conductance relative to pristine,
while RF-PECVD produced ~12% improvement (Table 4),
consistent with the enhanced ethanol oxidation currents
observed by CV. The diagonal curvature in the low-frequency
region of the Nyquist plots suggests minor diffusion limitations
under the present experimental conditions, which are
reinforced by scan-rate CV analysis (Figure 9). Together, the
EIS and CV results show that PECVD increases electro-
chemical activity via increased active site density, while the net
effect on charge transport depends on the balance between the
added active sites and defect-induced scattering.

Finally, increasing the ethanol concentration leads to modest
decreases in areal capacitance and slight increases in interfacial
resistance. EIS fits show systematic changes in CPE parameters
(Y, and n) with ethanol content, indicating altered ion
accessibility and double-layer formation consistent with a
partial diffusional barrier introduced by adsorbed organic
species (Table 4). These observations do not indicate
catastrophic electrode degradation; rather, they reflect
interfacial modulation by ethanol that is reproducible across
samples.

Plasma-enhanced chemical vapor deposition (PECVD) was
used here as a post-treatment to introduce controlled edge
defects and oxygenated functional groups on preformed MLG
disk electrodes. Compared with common wet chemical
oxidation (e.g, Hummers-type) or liquid chemical function-
alization, PECVD provides several practical advantages: (i)
dry, reagent-free processing that avoids chemical contami-
nation and hazardous wastes; (ii) rapid treatment times (MW-
PECVD: 2 min; RF-PECVD: 25 min per side in our
conditions) enabling high throughput; (iii) tunable surface
chemistry via choice of feed gas, pressure, and excitation mode
(Ar/CO, vs Ar/O,; MW vs RF) for controlled defect density
and oxygen incorporation; (iv) uniform, reproducible surface
activation across disk electrodes suitable for batch processing;
and (v) minimal impact on bulk crystallinity as seen by XRD
while producing the desirable increase in electrochemical
activity and capacitance (Tables 2 and 4). In our experiments,
EDS mapping indicated low overall contamination after
PECVD (MLGD-CO, MW-PECVD: =~1.05 wt % O in
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localized regions; MLGD-O, MW-PECVD: =0.13 wt % O),
Raman, and STEM show controlled edge disorder rather than
wholesale amorphization (see Figures 4 and 7), and EIS/CV
data show increased capacitance and up to 40% enhancement
in ethanol oxidation peak current for specific PECVD
conditions (MLGD-O, RE-PECVD). For these reasons, we
present PECVD as a practical, fast, and clean postfunctional-
ization route when the objective is to tune surface-active sites
on multilayer graphene supports rather than to synthesize
monolayer graphene or to perform wet chemical functionaliza-
tion. Compared with wet chemical oxidation and laser-induced
graphene approaches, PECVD offers rapid, reagent-free
functionalization with tunable defect density and minimal
contamination. A comparative overview of the main features of
these approaches is summarized in Table S1. Although
PECVD systems require capital investment, the plasma
activation used here is a fast, dry, and reagent-free surface
functionalization route that (a) avoids hazardous wet
chemistries, (b) yields reproducible surface modification across
disks, and (c) may scale to batch processing of multiple disks
with relatively low per-sample consumable cost compared with
that of wet chemical functionalization. For these reasons, we
present PECVD as a practical post-treatment when the
objective is clean, rapid surface activation rather than large-
area monolayer growth.***

B CONCLUSION

This study demonstrates a scalable route to produce self-
supported multilayer graphene disk (MLGD) electrodes by
exfoliation of thermally expanded graphite, followed by plasma-
enhanced chemical vapor deposition (PECVD) activation. The
process combines high-yield graphene synthesis with rapid,
solvent-free surface modification, enabling tunable control of
the defect density and oxygen functionality while preserving
bulk crystallinity. Raman mapping confirmed a controlled rise
in disorder (Ip/Ig from 0.07 in pristine MLG to 0.26—0.28
after PECVD) and reduced crystallite sizes (L, ~ 69—92 nm),
consistent with selective edge activation. EDS analysis revealed
localized oxygen incorporation (~1.05 wt % for CO, MW vs
~0.13 wt % for O, MW), correlating with distinct plasma
chemistries. Morphological analyses showed that CO, plasma
promotes edge delamination, while O, induces localized
fragmentation. These structural and chemical modifications
led to higher double-layer capacitance and up to ~40%
enhancement in ethanol oxidation peak current, with stable
cycling performance. Overall, PECVD post-treatment of
compacted MLG electrodes offers a rapid, clean, and
reproducible strategy to engineer electroactive carbon
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supports. Future work will apply microscale in situ techniques
(DEMS, ATR-FTIR, online GC/HPLC) to correlate plasma-
induced surface chemistry with product selectivity, building on
this foundation toward application in anion-exchange mem-
brane fuel cells.
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Cyclic voltammetry stability tests of MLGD electrodes
comparing electrolytes with and without ethanol in both
acidic and alkaline media (Figures S1—S6); 3D electro-
chemical impedance spectroscopy (EIS) analyses of
MLGD electrodes, recorded with and without catalyst
ink, displaying the complex-plane (Nyquist) and Bode
plots in 0.1 M KOH at 0.1 V vs Ag/AgCI/KCl_sat over
the S0 kHz—1 mHz frequency range (AC amplitude 0.1
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approaches relevant to MLG disk electrodes (Table S1)
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