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Intrinsic electrocatalytic activity of nitrogen-
doped monolayer graphene observed using a
Janus bilayer design
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Nitrogen doping is a widely-used strategy for enhancing the electronic and electrocatalytic properties of

graphene. On single-sheet graphene electrodes, substrate-induced charge density effects obscure their

intrinsic behavior and limit the efficiency of surface-sensitive electron transfer. Here, we report a Janus

bilayer electrode architecture that decouples a nitrogen-doped graphene top layer from the substrate via

a pristine graphene bottom layer. This design allows the presentation of catalytically active nitrogen sites

while simultaneously suppressing substrate effects, enabling a direct evaluation of the intrinsic effect of

nitrogen-doping on the electron transfer (ET) properties of graphene. Using ferricyanide as a redox-

probe, we show that the ET kinetics of pristine bilayer graphene are pH-dependent, while nitrogen-doped

bilayer graphene displays stable, pH-independent redox behavior. As an application avenue of biological

relevance, we demonstrate that nitrogen-doped bilayer graphene exhibits a reduced overpotential for

NADH oxidation. These results demonstrate that the synergy between substrate decoupling and con-

trolled nitrogen incorporation yields a robust electrode architecture with enhanced stability and improved

electrocatalytic activity.

Introduction

Nitrogen doping1–3 is a viable route for tuning the interfacial,
electronic and electrochemical properties of chemical vapor
deposition (CVD)-grown graphene4,5 and chemically derived
graphene.6–9 Due to the abundance of catalytically active sites,
electrodes based on nitrogen-doped graphene derivatives have
been explored in a broad range of applications including
electrocatalysis,9,10 fuel-cells,4 batteries,11,12 supercapacitors,13

and biosensors.14,15 The incorporation of nitrogen, in the form
of pyridinic, pyrrolic and graphitic N-functionalities, alters the
chemical nature of the graphitic surface and enhances its elec-
tron transfer (ET) capability.3,7,16 Specifically, pyridinic N
refers to nitrogen atoms at the edge or defect sites bonded to
two carbons. Pyrrolic N is incorporated into a five-membered
ring, and graphitic N substitutes carbon within the basal
plane while being bonded to three carbon atoms.3,16

N-doping of graphene derivatives has often been experi-
mented in the context of the oxygen reduction reaction (ORR),

for which the pyridinic N is considered a key component in
achieving a low overpotential.1,3 Pyrrolic N has also been
shown to provide an improvement in electrocatalytic activity,
albeit to a comparatively smaller extent.3,8,16 In both cases, it
has been proposed that carbon atoms adjacent to the
N-substitution provide favorable oxygen adsorption sites facili-
tating the reduction.3,16 On the other hand, graphitic nitrogen
enhances the overall electronic conductivity and modulates the
charge distribution, thereby supporting the catalytic
effect.4,8,17,18 Together, these nitrogen configurations enable a
versatile control over both the local interfacial chemistry and
the global electronic properties of graphitic structures in an
electrode. The role of different nitrogen substitutions for other
electrochemical reactions has not yet been investigated in
detail.

In most of the previous experimental works, the intrinsic
effect of N-doping has seldom been studied at an isolated
single-sheet level. For this purpose, CVD-grown single-layer
graphene (SLG) is ideally suited. The electrochemistry of SLG
has been widely studied using canonical redox probes such as
hexacyanoferrate(II/III) [Fe(CN)6

3−/4−] (FeCN6).
19–21 The ET with

FeCN6 was often reported to be sluggish, which is partly attrib-
uted to the low electronic density of states (DOS) of pristine
graphene.19,22 Moreover, ET with FeCN6 is generally sensitive
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to the chemical nature of the graphene surface and hence is
considered a surface-sensitive (SS) redox probe.19,22,23 Since
the first intermediate step in most electrocatalytic reactions
involves a chemical interaction with the electrode surface,
FeCN6 serves as a good model redox probe to assess the
electrocatalytic activity.23

Chemical modification of graphene either in the form of
crystal doping or surface functionalization is a viable route to
modulate the efficiency of SS-ET and to impart electrocatalytic
properties. An unambiguous monitoring of SS-ET, when using
single-layer graphene (SLG) as an electrode, remains challen-
ging due to two reasons. First, the ET rates are considerably
influenced by the substrate.24,25 For instance, on metallic sub-
strates, hybridization between the DOS of graphene and the
subsurface metal was shown to enhance ET rates for FeCN6,
rendering graphene nearly electronically transparent.26 Even
on insulating substrates, surface ionizable groups (e.g. silanol
groups on SiO2/Si) influence the interfacial charge contri-
bution modulating the reactivity.27 Such substrate-induced
charge density effects can obscure or distort the intrinsic be-
havior of nitrogen-doped graphene, making it challenging to
clearly resolve the intrinsic contribution of nitrogen
functionalities.

A second factor is the effective charge distribution at the
graphene–liquid interface (GLI), which plays a significant role
in modulating the ET kinetics through electrostatic effects.28,29

The point of zero charge of unmodified graphene on SiO2/Si is
reported to be less than 3, rendering the graphene surface
more negatively charged at higher pH.28 With an anionic redox
probe such as FeCN6, it was demonstrated that the ET rate is
pH-dependent and is one order of magnitude lower at pH 7
than at pH 3.29 This effect was found to vary from one insulat-
ing substrate to another suggesting that charge density vari-
ations of the underlying insulating substrate additionally
modulate the interfacial charge at the GLI thereby affecting
the ET kinetics.29 In contrast, on glassy carbon or on gold elec-
trodes, there is negligible pH dependence of ET rates, confirm-
ing that this electrostatic effect is characteristic for supported
graphene monolayers.29 Another example is the variation in
the ET rates of diazonium salts at SLG electrodes supported on
different substrates.27

To address these two challenges simultaneously and
deduce the intrinsic effect of N-doping, we devised a Janus
bilayer electrode architecture to integrate nitrogen-based acti-
vation of the graphene surface with an effective suppression of
the substrate effects. Janus 2D materials, where two sheets of a
2D material with asymmetric chemical nature are integrated in
a bilayer, allow for extending the functional complexity with
novel properties such as improved reactivity.30–32 For example,
Janus bilayer graphene with the top layer made hydrophilic for
favorable biomolecule adsorption and an unmodified bottom
layer as a robust support could be used efficiently as an elec-
tron microscopy grid.33 Devices made of a Janus bilayer with
an oxygen plasma treated top layer and a pristine bottom layer
on an insulating substrate were shown to be promising for bio-
sensing applications.34–36 Until now, such Janus bilayer gra-

phene has neither been used for studying electrocatalysis nor
for minimizing substrate effects.

In our nitrogen-doped Janus bilayer graphene (N-BLG), a
pristine graphene bottom layer minimizes substrate-induced
charge density effects, whereas a nitrogen-doped top layer
introduces catalytically active sites that selectively modulate
the ET with SS redox species. This design shields the support
material from the electrolyte while preserving a well-defined
GLI for electrochemical reactions. Using this approach, we
demonstrate that nitrogen doping of graphene enables a stable
elimination of pH-dependent ET variations with enhanced
kinetics. As an application, we present a clear improvement in
electrocatalytic activity for the oxidation of NADH (nicotina-
mide adenine dinucleotide, reduced form) at the N-BLG com-
pared to pristine bilayer graphene (BLG).

Results and discussion

For realizing N-doped graphene, several methods have been pro-
posed such as direct introduction of ammonia during CVD
growth,4,5 heat treatment in ammonia post-growth,1 and plasma
treatment in nitrogen7,37 or ammonia.38 We utilized a gentle
nitrogen plasma treatment to incorporate nitrogen into the gra-
phene lattice. Fig. 1 presents a scheme of the preparation of
N-BLG, which is based on a standard wet-transfer
method.29,39–41 CVD-grown graphene on copper foil was first
coated with polystyrene and the underlying copper was removed
using a metal-free etching solution. The SLG sheet with poly-
styrene was transferred onto a SiO2/Si substrate with pre-pat-
terned contacts, followed by dissolution of polystyrene. A second
graphene sheet (on copper) is modified using a mild plasma
treatment in nitrogen (6 s) and transferred on top of the pristine
bottom layer to form the N-BLG electrode (see optical images in
Fig. S1 in SI). After transfer, trace metal impurities were
removed by electrochemical etching (Fig. S2 in SI).42

Fig. 2(a) presents an atomic force microscopy (AFM) height
image of the pristine SLG on SiO2/Si after transfer, while
Fig. 2(b) shows the same location after subsequent transfer of
a N-doped SLG (N-SLG) sheet. The presence of single layer gra-
phene is confirmed from AFM section profiles (see Fig. S3 in
SI). In Fig. 2(a), the first graphene layer is clearly visible,
showing characteristic folds and wrinkles typical for trans-
ferred monolayers. After transfer of the top layer (Fig. 2(b)), the
folds in the bottom layer are still intact and visible, indicating
a uniform coverage. Moreover, the surface of N-BLG is more
hydrophilic than the first layer as observed by contact angle
measurements (Fig. S4, SI), confirming a successful transfer.

Confocal Raman spectroscopy was used to further verify the
presence of the bilayer structure (Fig. 2c). SLG exhibits a negli-
gible D peak intensity (at ∼1350 cm−1) and a sharp 2D peak (at
∼2700 cm−1), which is characteristic for SLG with a low defect
density.43–45 The relative intensities of the G and 2D peaks are
comparable, which is typical for our SLG samples on SiO2/
Si.39,40 Both for the pristine BLG (where both layers are unmo-
dified) and for N-BLG, the 2D band is broader (see Fig. S5 in
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SI) and blue shifted confirming the presence of a bilayer.44 Its
comparatively lower intensity with respect to the G peak
additionally suggests the occurrence of a misoriented
bilayer.46 In the Raman spectrum of N-BLG, the D peak is pro-
minent with a relatively higher intensity. Moreover, a subtle
onset of the D′ shoulder is visible close to the G peak.47 These
two features are consistent with increased disorder typically
expected from the plasma treatment due to nitrogen
incorporation.5,38,48

X-ray photoelectron spectroscopy (XPS) is widely used to
characterize nitrogen-doped graphene, since it provides direct
information on the elemental composition of the sample near-
surface region and the chemical bonding environment of the
photo-excited atom, thus serving to identify the types of nitro-
gen functionalities introduced.6,7 Fig. 3(a) presents a high-
resolution carbon 1s XPS spectrum of N-doped graphene (on
copper) prepared by nitrogen plasma treatment for 6 s. Based
on previous XPS analysis,29,39,49,50 the main peak around 284.5
eV is attributed to a dominant sp2 carbon component with a
small sp3 contribution, indicating the presence of a largely
intact graphene lattice. The peak at higher binding energy is
assigned to the occurrence of C–N functionalities, confirming
successful nitrogen incorporation.7 Fig. 3(b) shows the nitro-
gen 1s XPS spectrum of the same sample. Based on previous
works,1,3,6 the different peaks can be assigned to pyridinic N
(∼61%), pyrrolic N (∼36%) and graphitic N (∼3%) moieties, as
indicated in the Figure. A full survey spectrum is shown in
Fig. S6 (SI). A direct comparison with the XPS data of pristine
SLG is depicted in Fig. S7; further explanations regarding the
fit model and the peak assignment are deferred to the SI.

From the Raman spectrum, showing intact graphene-related
peaks, and from the C 1s XPS spectrum, it can be inferred that
the plasma conditions used here induce a rather low density of
nitrogen sites, while largely preserving the graphene lattice. A
higher density can be achieved by increasing the duration of
plasma treatment, as discussed later. XPS measurements on
the same sample after four days revealed a modest (∼12%)
decrease in pyridinic N component (Fig. S8 and Table S1, SI),
suggesting some redistribution or gradual loss of pyridinic
nitrogen species over time.

Now we turn towards the electrochemical behavior of
N-BLG in comparison to that of pristine BLG. Fig. 4(a) and (b)
present the cyclic voltammograms (CVs) of pristine BLG and
N-BLG respectively using FeCN6 as a redox probe in buffers of
pH 3, 5, and 7. Despite the additional graphene layer for sub-
strate shielding in pristine BLG, a prominent pH-dependent
response is discernible (Fig. 4(a)), similar to the behavior
reported for SLG (see Fig. S9 in SI) and discussed previously in
the literature.29 The black curve in Fig. 4(c) presents the evol-
ution of peak-to-peak separation (ΔEpp) as a function of pH for
pristine BLG, where it is apparent that the peak spacing
increases with increasing pH. This implies a faster ET at lower
pH, consistent with electrostatic effects playing a dominant
role in ET with the anionic FeCN6 even on pristine BLG. In
striking contrast, N-BLG exhibits rather constant redox-peak
potentials and small and stable ΔEpp across all pH values
(blue curve in Fig. 4(c)), indicating a reversible ET and a com-
plete elimination of pH dependence. CVs recorded with the
cationic redox probe hexaammineruthenium(III) chloride
[Ru(NH3)6]

3+ also displayed reversible ET behavior on N-BLG

Fig. 1 Schematic illustration of the fabrication of a nitrogen-doped Janus bilayer graphene (N-BLG) electrode. (Top row) CVD-grown graphene on
copper foil is first coated with polystyrene (PS) and the copper is removed by chemical etching. (Middle row) The PS/graphene stack is transferred
onto a SiO2/Si substrate followed by dissolution of PS. (Bottom row) A second CVD-grown graphene sheet is treated with a mild nitrogen plasma to
incorporate nitrogen functionalities (N-SLG), then transferred on top of the pristine bottom layer (SLG) to complete the realization of the bilayer
electrode (N-BLG).
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(see Fig. S10 in SI), indicating that the pH-independent
response is not limited to anionic species but extends to cat-
ionic redox systems as well.

To highlight the importance of a bottom graphene layer, we
have also investigated the electrochemistry of N-SLG deposited
directly on the SiO2/Si substrate. CVs measured immediately
after preparation showed a suppression of pH-dependent
shifts. However, this effect was found to be transient, as the
pH dependence reappeared within two days (Fig. 5(a)). We
attribute this instability to the continued influence of charged
impurities in the underlying substrate that is in direct contact
with the monolayer.27 In contrast, N-BLG retained stable and
pH-independent peak spacings even after one week under

ambient storage (Fig. 5(b)). Here, the bottom graphene layer
effectively screens the substrate effects and provides an electro-
nically decoupled, stable support for the N-doped top layer.

These observations demonstrate that the Janus bilayer
design uniquely combines substrate shielding together with
nitrogen-based activation of the top layer, successfully mitigat-
ing electrostatic effects in SS-ET on graphene. Our data suggest
that the presented approach was successful in inducing a
similar interfacial charge density at the GLI across the investi-
gated pH range of 3 to 7. We attribute this capability to the
combination of pyridinic and pyrrolic groups in the N-doped
top layer, which have significantly different pKa values (pyri-
dine: 4.7–5.1, pyrrole >17, graphitic N <−17).51 Moreover, the
low overall nitrogen density indicates that there is still a con-
siderable amount of unmodified graphene regions on our elec-
trodes. Thus, the coexistence of doped and undoped graphene
regions, and the stabilizing contribution of the underlying
pristine graphene layer, together create a balanced interfacial
charge environment for ET. This synergistic configuration is

Fig. 2 (a and b) AFM height images of single-layer graphene (SLG) after
the first transfer (a) and nitrogen-doped bilayer graphene (N-BLG) after
the second transfer (b). (c) Confocal Raman spectra of SLG, pristine BLG
and N-BLG. Excitation wavelength: 532 nm. In the pristine BLG, both the
top and bottom layers are unmodified. Refer to Fig. S3 in SI for section
profile of SLG.

Fig. 3 XPS spectra of nitrogen-doped graphene (N-SLG) prepared by a
gentle nitrogen plasma treatment for 6 s. (a) High resolution carbon 1s
spectrum showing dominant sp2 and minor sp3 contributions with a
strong C–N component, indicating an intact graphene lattice with suc-
cessful nitrogen incorporation. (b) High resolution nitrogen 1s spectrum
showing predominantly pyridinic nitrogen (∼61%), followed by pyrrolic
nitrogen (∼36%) and minor graphitic nitrogen (∼3%). A full survey spec-
trum is shown in Fig. S6 (SI). See Fig. S7 in SI for detailed XPS
interpretation.
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key to achieving a stable, pH-independent ET for the SS redox
probe FeCN6. Further confirmation for the improved ET
characteristics of N-BLG is obtained from electrochemical

impedance spectroscopy (see Fig. S11 in SI). The charge trans-
fer resistance for FeCN6 at pH 7 was found to be at least an
order of magnitude lower on N-BLG than on pristine BLG.

Apart from the three major N-modification types discussed
above, there is the possibility of formation of pyridonic moi-
eties from the pyridinic N end-groups.3,25,52 In an XPS spec-
trum, the peak for the pyridonic functionality is very close to
that of a pyrrolic moiety.3 Such a transformation has however
been observed after thermal treatment in oxygen53 or after
electrochemical cycling in ORR.25,52 Moreover, they require a
high density of edges.25 Since we do not have these conditions
in our experiments, we exclude the introduction of such func-
tional groups through our plasma treatment. Even if such
groups were present on our N-doped graphene, the observed
pH-independent ET kinetics confirm that they contribute
favorably to the establishment of a balanced charge landscape.

Fig. 4 (a and b) Cyclic voltammograms (CVs) of pristine BLG (a) and
N-BLG (b) electrodes recorded in 1 mM FeCN6 in buffers of pH 3, 5 and
7. Scan rate: 50 mV s−1. (c) Peak-to-peak spacing (ΔEpp) as a function of
pH extracted from the CVs for the two electrodes.

Fig. 5 Aging effect in N-SLG and N-BLG. (a and b) CVs of aged N-SLG
(a) and aged N-BLG (b) electrodes recorded in 1 mM ferricyanide in
buffers of pH 3, 5 and 7. Scan rate: 50 mV s−1. In (a) the CV was
measured two days after preparation, while in (b) the CV was measured
one week after preparation. The samples were stored in ambient after
preparation.
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We next exploited the enhanced catalytic effect of our
N-BLG electrodes for the investigation of NADH, a biologically
relevant redox probe, whose oxidation is known to be surface-
sensitive with a high overpotential at carbon-based
electrodes.54–56 N-doping of carbon electrodes is known to
favor the oxidation of NADH by decreasing the overpotential
and increasing the current density. However, until now, this
effect has been demonstrated only on electrodes based on
reduced graphene oxide (RGO).14,15,57 N-doped CVD-grown gra-
phene has not yet been used for studying the redox behavior of
NADH.

Fig. 6(a) presents the CVs of NADH at pristine BLG and
N-BLG. Compared to pristine BLG, N-BLG prepared by a 6 s
plasma treatment exhibits a remarkably lower overpotential
with a downshift of ∼160 mV, signifying improved ET kinetics.
Similar low overpotentials have been reported for N-doped

RGO.15 In these electrodes, residual functionalities remaining
from chemical processing may be redox active and act as
mediators for NADH oxidation.14 In our case, the absence of
any redox-active peaks in the blank CVs (see Fig. S12 in SI)
indicates that the reduction in overpotential originates intrin-
sically from N-doping of the graphene surface. Thus, our find-
ings support earlier observations on N-doped RGO and provide
direct evidence that controlled N-doping itself is sufficient to
enhance the electrocatalytic oxidation of NADH. The realized
N-BLG electrodes were found to be stable under continuous
cycling in NADH (see Fig. S13 in SI).

To evaluate the tunability of nitrogen incorporation and its
effect on the redox behavior, the plasma treatment duration
was varied and the overpotential for NADH oxidation extracted
(see Fig. 6(b)). Optimal electrocatalytic performance was
observed for intermediate plasma exposures (6–9 s), while
excessive plasma treatment (>12 s) was found to cause damage
to the graphene sheet, yielding a higher overpotential for
NADH oxidation (see Fig. S14 in SI). These observations estab-
lish N-BLG as a tunable and efficient electrode material for
NADH oxidation.

It is worth mentioning that we have also evaluated the
possibility of using our N-BLG electrode for ORR (see Fig. S15
in SI). However, compared to pristine BLG, we observed only a
slight improvement in the electrocatalytic activity under acidic
conditions. This can be understood by considering that our
N-BLG electrodes have a combination of pyridinic and pyrrolic
N. As mentioned in the introduction, pyridinic N is considered
to be essential to bring about a significant improvement in
electrocatalytic activity for ORR.1,17 Pyrrolic N has also been
suggested as an electrocatalytic site for ORR,4 however, the
improvement in overpotential is not as substantial as in elec-
trodes with predominant pyridinic-N.8 Since we do not have
exclusively pyridinic nitrogen, the electrocatalysis is not
optimal for ORR. On the other hand, our results show that a
combination of pyridinic and pyrrolic N is well-suited for redu-
cing the overpotential for biological redox reactions (e.g.,
NADH oxidation) as well as for minimizing the electrostatic
effects on ET kinetics.

Conclusion

In summary, we have shown that the pH-dependence of the
electrochemical response of SS redox species at graphene
could be successfully mitigated by combining nitrogen doping
with our Janus bilayer architecture. The pristine bottom layer
effectively minimizes substrate-induced charge density effects,
by decoupling the active graphene surface from the substrate.
At the same time, nitrogen doping of the top layer introduces
a balanced charge density landscape that suppresses pH-
dependent electrostatic influence at the GLI, enhances ET
kinetics and significantly reduces the overpotential for NADH
oxidation. The synergy between substrate decoupling and con-
trolled, low-density nitrogen doping is crucial for achieving the
observed stability and performance. In general, a Janus bilayer

Fig. 6 (a) CVs of NADH oxidation at pristine BLG and N-BLG electrodes.
N-BLG exhibits a reduced onset potential (∼160 mV shift) compared to
BLG, as indicated by the arrow. (b) Onset potential for NADH oxidation
as a function of the duration of nitrogen plasma treatment. The lowest
onset potential is observed for intermediate plasma exposures (6–9 s),
while excessive plasma treatment (>12 s) results in an increase in onset
potential.
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architecture provides a versatile avenue for decoupling sub-
strate effects on the electrochemistry of 2D materials. In the
future, this approach can be exploited for systematic investi-
gations of electrocatalyst materials on graphene in their intrin-
sic form.

Experimental
Chemicals

All solutions were prepared with ultra-pure water (Barnstead
Easypure II, 18.2 MΩ cm−1). Hydrochloric acid (37 wt%, p.a.,
Emsure), polystyrene (PS, av. Mw 35 000), toluene (≥ 99.8%,
Rotisolv), potassium hexacyanoferrate(III) (ferricyanide, 99.98%
trace metal basis), β-nicotinamide adenine dinucleotide
(NADH, reduced disodium salt), hexammineruthenium(III)
chloride (HARu, 98%) and perchloric acid (70 wt%, ACS
reagent) were purchased from Sigma-Aldrich. 1,1′-
Ferrocenedimethanol (FDM, 98.11%) was purchased from BLD
Pharm. Hydrogen peroxide (30%, Ph.Eur. stabilized) and
N-methyl-2-pyrrolidone (≥99.8%) were purchased from Roth.
Acetone and isopropanol were purchased in VLSI Selectipur
quality from BASF. CVD-grown graphene on copper foil was
purchased from Graphenea Inc.

Substrate preparation and cleaning

Ti/Pt (50 nm/10 nm) electrode lines were prepared by photo-
lithography followed by metal deposition on SiO2/Si (thickness
500 nm). The silicon wafers were cleaned in N-methyl-2-pyrroli-
done (NMP), acetone and isopropanol with ultrasonication at
40 °C. An RCA cleaning method was then applied: the wafers
were ultrasonicated first in an oxidizing base (10 : 1 : 1 v/v/v
H2O : H2O2 : NH3), followed by an oxidizing acid (10 : 1 : 1 v/v/v
H2O : H2O2 : HCl). Finally, the wafers were cleaned with O2-
plasma for 5 minutes.

Nitrogen-doping by N2-plasma

Nitrogen doping of CVD graphene was performed using a
Diener Electronic plasma system (Femto-ARS-c; 40 kHz,
maximum power 100 W) operated with N2 gas at a power of 50
W. CVD graphene grown on Cu was introduced directly into
the chamber, and each sample was treated for 6 s, unless
stated otherwise. Afterwards, a standard wet transfer was
carried out.

CVD graphene transfer

CVD-grown graphene on Cu was cut into rectangular pieces (a
few mm2 in size) and a polystyrene (PS) solution (50 mg mL−1

in toluene) was drop-cast onto the pieces. The PS/Gr/Cu stack
was dried at 75 °C for 15 minutes. A standard metal-free wet
transfer was then performed using an etching solution
(60 : 6 : 1 v/v/v H2O : HCl (37%) : H2O2 (30%)) to remove the
underlying Cu foil. The PS-coated graphene was transferred
onto the patterned SiO2/Si wafers and dried for 20 minutes. PS
was then removed by immersing the samples in a toluene bath
for 5 minutes, followed by gentle blow-drying. The chips were

annealed at 500 °C under nitrogen atmosphere for 10 minutes.
The second graphene layer was applied in the same way. To
avoid parasitic electrochemical/electrocatalytic activity, we use
electrochemical etching to remove trace metal ions from trans-
ferred graphene.42 This etching was performed in 100 mM HCl
with 20 scans over a potential range of −0.6 to +0.4 V vs. Ag/
AgCl at a scan rate of 50 mV s−1.

Surface characterization

A Bruker JPK Nanowizard 4 atomic force microscope (AFM)
was used for surface imaging. AFM images were processed
using Gwyddion. The Raman spectra of graphene on SiO2/Si
were obtained using a JASCO NRS-4100 Raman spectrometer
equipped with a 1650 × 256 CCD detector (Andor, air/Peltier-
cooled to −60 °C), a 900 L mm−1 grating, a 532 nm diode laser
and a 100× (NA 0.90) objective. The laser power was main-
tained at 5.6 mW for all acquisitions. Each Raman spectrum
was recorded with an exposure time of 3 s and 5 accumu-
lations. The instrument was calibrated before data acquisition
using the Si substrate peak at 520.7 cm−1. Raman spectra were
processed using Origin 2024; the baseline was corrected using
a spline-fit baseline and normalized to the G-peak intensity.

X-ray photoelectron spectroscopy (XPS)

Soft XPS measurements were performed using a monochroma-
tized Al Kα X-ray source (XR 50 M), and Phoibos 150 hemi-
spherical energy analyzer from SPECS. The pass energy was set
to 50 eV for the survey and 20 eV for the detailed scans of the
specific regions. These values yield spectral resolutions of 1.1
eV and 0.6 eV, respectively. Sample charging was corrected
using the Cu 2p3/2 peak at 933 eV as a reference.58 Data were
processed and decomposed using the CasaXPS software,
version 2.3.18PR1.0. A Shirley background was applied to all
spectra, and peak fitting was carried out using a symmetric
Gaussian–Lorentzian (GL) line shape for all the peaks and the
CN and sp2 carbon peaks were fit with an asymmetric line-
shape function (LA). The full width at half maximum (FWHM)
and GL/LA ratio were fixed for each component.

Electrochemical setup and measurement

Electrochemical measurements with the graphene electrodes
(N-BLG, BLG and N-SLG) as working electrodes were per-
formed in a standard three-electrode configuration using an
Ivium CompactStat potentiostat. A Pt wire served as the
counter electrode and a commercial Ag/AgCl (3 M KCl) elec-
trode as the reference electrode. Measurements were carried
out in phosphate buffer (pH 3.0 and 7.0) and acetate buffer
(pH 5.0) using a concentration of 10 mM with 0.1 M KCl as
supporting electrolyte. Cyclic voltammetry (CV) was performed
at a scan rate of 50 mV s−1. The redox probe concentrations
were 1 mM for ferricyanide and 10 µM for NADH. Oxygen
reduction reaction (ORR) measurements were performed in
100 mM HClO4. The solutions were bubbled with oxygen or
nitrogen (as indicated in the graphs) at least for half an hour
prior to the measurements.
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Contact angle measurements

A custom-built contact angle measurement system was used to
measure the water contact angles of the Si/SiO2 samples. The
setup consisted of a light source (ORLEGOL, VL49RGB), a
Z-translation stage (Rotilabo®), a precision pipette (Eppendorf
Research plus) and a camera system (IDCP B.V., Dino-Lite,
AM73915MZTL). For each measurement, a 1 μL droplet of de-
ionized water was placed on the surface of the material using
the precision pipette and an image of the droplet was
recorded. Images were processed in ImageJ using the contact
angle plugin. All measurements were repeated at least three
times to ensure accuracy and reproducibility. Experiments
were performed under standard atmospheric conditions
without temperature control.
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