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ABSTRACT 

Advances in atomically thin two-dimensional materials have created new opportunities to regulate interfacial charge transfer 
and surface reactivity in electrocatalysis. Among anodic reactions relevant to sustainable energy conversion, the iodide oxidation 
reaction (IOR) has emerged as an attractive alternative to the oxygen evolution reaction because of its lower overpotential, faster 
kinetics, and simultaneous generation of value-added iodine species. Here, by using scanning electrochemical cell microscopy, 
we show that the electronic structure of graphene can be engineered to promote IOR through two experimentally distinct routes: 
electrostatic gating in monolayer graphene and twist-angle control in bilayer graphene. Gate-dependent measurements show that 
hole doping promotes iodide oxidation, whereas electron doping suppresses it, consistent with Fermi-level modulation of electron 
extraction from iodide. Magic-angle twisted bilayer graphene (MATBG) exhibits a lower onset potential and stronger IOR response 
than monolayer and Bernal-stacked bilayer graphene. The enhanced activity of MATBG is associated with a moiré-reconstructed 
interfacial electronic environment that facilitates IOR. These results establish electronic-structure engineering of graphene as 
an effective strategy for regulating nanoscale iodide oxidation and highlight Dirac-cone engineering as a tunable platform for 
sustainable iodine redox electrochemistry. 
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 Introduction 

onventional catalyst design has primarily focused on strategies
uch as elemental doping [ 1, 2 ], defect engineering [ 3–5 ], and
eterostructure construction [ 6–8 ] to modulate surface reactivity.
eyond these approaches, tuning of the electronic structure
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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has emerged as a highly effective strategy, as it directly influ-
ences charge redistribution, intermediate adsorption energetics,
and catalytic reaction kinetics [ 9–11 ]. In particular, for two-
dimensional (2D) materials, their atomically thin nature and
highly tunable band structures make electronic structure engi-
neering for rational catalyst optimization particularly effective,
se, which permits use, distribution and reproduction in any medium, provided the 
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ffering a new opportunity to regulate interfacial charge transfer
nd surface reactivity in catalytic reactions [ 12–15 ]. 

he oxygen evolution reaction (OER) has long been recognized
s the anodic half-reaction in water splitting for hydrogen
roduction and related electrochemical energy conversion sys-
ems [ 16, 17 ]. However, the OER is intrinsically sluggish, as it
equires a complex four-electron transfer process coupled with
 ─O bond formation [ 18 ]. These multi-step pathways lead to
ubstantial overpotentials, slow kinetics, and significant energy
osses, rendering OER the performance-limiting step in most
lectrochemical and photoelectrochemical devices [ 19–21 ]. By
ontrast, the iodide oxidation reaction (IOR) offers a kinetically
nd energetically more favorable alternative [ 17, 22–24 ]. The
xidation of iodide to triiodide(I3 − ) or iodine typically proceeds
hrough a two-electron pathway with much faster kinetics and
onsiderably lower overpotential [ 22, 24 ]. The theoretical stan-
ard redox potential of the I− /I3 − couple ( + 0.54 V vs. SHE,
tandard Hydrogen Electrode) is significantly lower than that of
ER ( + 1.23 V vs. SHE) [ 25 ], enabling IOR to operate at reduced
ell voltages [ 17 ]. Recent progress in iodine redox chemistry has
urther highlighted the relevance of iodide/iodine conversion
eyond electrolysis, including iodine-based energy-storage sys-
ems, redox-mediated energy devices, and IOR-coupled hydrogen
roduction [ 26–31 ]. In addition, iodine (I2 ) is an important
ompound due to its wide range of applications, including use
s a catalyst in chemical synthesis, in pharmaceuticals, food
upplements, photography, spacecraft propulsion, and more [ 32–
5 ]. Consequently, the low onset potential of the IOR makes it
n attractive alternative for the anodic half-reaction in water
plitting, as it not only reduces the energy required for hydrogen
roduction but also enables the formation of high-value-added
roducts, rather than O2 [ 36–39 ]. 

ompared to conventional IOR catalysts such as transition metals
 23, 36, 38 ] or noble metals [ 40 ], a recent discovery has shown that
arbon-based materials can act as efficient, low-cost metal-free
atalysts for the IOR, featuring a low oxidation potential [ 22 ]. The
mpressive catalytic performance is attributed to the delocalized
-electron system in graphite-based materials, which facilitates
apid charge transfer with iodine species [ 22 ]. Graphene, a 2D
aterial composed of a single layer of sp2 -hybridized carbon
toms, exhibits exceptional electronic properties arising from its
inear energy dispersion and high carrier mobility, which are
escribed by Dirac cones [ 41, 42 ]. The electronic structure of
raphene can be modulated by manipulating the Dirac-cone posi-
ion and shape through electrostatic gate control [ 43–45 ], twist
ngle in bilayer graphene [ 46, 47 ], or structural modification by
train [ 48, 49 ] to tailor carrier density, band alignment, and quan-
um states near the Fermi level. Among these strategies, elec-
rostatic gating shifts the Fermi level relative to the Dirac point
nd dynamically tunes the carrier density and charge-transfer
arrier [ 50, 51 ]. Twisted bilayer graphene (TBG), especially near
he so-called magic angle ( ∼ 1.1◦), forms moiré superlattices with
patially varying AA/AB/BA stacking environments and flat-
and-associated electronic localization [ 46, 47, 52, 53 ]. These
oiré-engineered states create a spatially heterogeneous interfa-
ial electronic environment in which AA-enriched regions could
ignificantly enhance electrochemical charge transfer [ 46, 47,
4 ] and influence the adsorption/desorption kinetics of iodine-
elated intermediate species [ 22, 55, 56 ]. In this work, we use scan-
of 11
ning electrochemical cell microscopy (SECCM) to compare two
experimentally distinct approaches for Dirac-cone engineering in
graphene—electrostatic gating in monolayer graphene and twist-
angle control in bilayer graphene—and to determine how each
route modulates local IOR behavior [ 57, 58 ]. Electrostatic gating
provides a continuously tunable route to modulate the Fermi level
and carrier polarity of monolayer graphene. In contrast, magic-
angle twisted bilayer graphene (MATBG) offers structural modu-
lation that generates a moiré-reconstructed interfacial electronic
environment. Examining both platforms within the same SECCM
framework allows us to explore the effects of manipulating the
electronic structures of graphene—via either continuous Fermi-
level tuning or moiré electronic reconstruction—to facilitate the
IOR. In addition, because SECCM probes a confined nanoscale
meniscus rather than a macroscopic cell, it is particularly well
suited to interrogating collective microscopic electrochemical
responses in structurally heterogeneous graphene systems such
as TBG [ 46 ]. This framework allows us to discuss graphene IOR
catalysis beyond a simple density of states (DOS) argument and
instead in terms of coupled electronic-structure tuning, moiré-
scale heterogeneity, and iodine-species interfacial chemistry. 

2 Results and Discussion 

Figure 1a presents the schematic setup of SECCM for IOR
measurements. In this experiment, a scanning nanopipette probe
containing 50 m m H2 SO4 + 0.1 m NaI and a palladium (Pd)
wire is used as a localized electrochemical cell, where the Pd
wire functions as a quasi-reference counter electrode (QRCE)
that both completes the local electrochemical circuit and provides
the potential reference for the voltammetric measurement. This
electrolyte composition was selected to provide a stable iodide-
containing acidic meniscus and a reproducible faradaic response
during localized voltammetry. Upon meniscus contact with the
graphene surface, localized linear sweep voltammetry (LSV)
is performed, and the faradaic current associated with IOR is
recorded. The nanoprobe enables localized discrimination and
spatial visualization of electrochemical currents with a lateral
resolution of approximately 100 nm. Details of SECCM probe fab-
rication, measurement conditions, and calibration are provided
in the Supporting Information . This technique has previously
been employed to differentiate the nanoscale electrochemical
origins between the active edge and the basal plane in 2D
monolayer MoS2 and WS2 catalysts [ 33, 58 ]. Here, we employed
high-quality monolayer graphene synthesized via chemical vapor
deposition (CVD) and subsequently transferred onto n+ -Si sub-
strates for SECCM measurements. The quality and uniformity of
the graphene were characterized by optical microscopy, Raman
spectroscopy, and Atomic Force Microscopy (AFM), as shown
in Figures S1–S3 . Raman spectroscopy reveals a sharp 2D band
with a 2D-to-G ratio of ∼ 2 and negligible D-band intensity,
indicating high-quality CVD-grown graphene. The optical image
and AFM analysis show a continuous, void-free morphology, with
a thickness ( ∼ 0.83 nm) matching pristine monolayer graphene.
These results demonstrate that the transfer process onto the n+ -Si
substrate preserves both the quality and continuity of the film. 

Figure 1b presents the normalized SECCM current map for mono-
layer graphene transferred onto an n+ -Si substrate containing
adjacent graphene-covered and bare regions as a control. The
Advanced Science, 2026



FIGURE 1 (a) Schematic illustrations of SECCM measurements conducted on monolayer graphene for the IOR. The nanopipette contains 50 m m 

H2 SO4 + 0.1 m NaI and a Pd wire QRCE, which completes the local electrochemical circuit and provides the potential reference. (b) Spatially resolved 
IOR current map on the monolayer graphene/SiO2 interface as indicated by the yellow square in (a). (c) SECCM-acquired LSV curves comparing the 
IOR behavior of n+ Si, Pt, and monolayer graphene. The corresponding Tafel-slope analysis is presented in (d). 
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raphene region exhibits strong IOR currents, whereas the bare
+ -Si shows no detectable response, resulting in a sharp contrast
t the interface. The current map was acquired at an applied
otential of 0.8 V vs. a Pd wire to probe the IOR while avoiding any
ontribution from the OER, which typically initiates on graphene
t ∼ 1.3–1.4 V vs. Pd (see Supporting Information ). Consequently,
he contrast observed in Figure 1b arises solely from the IOR.
 reduced IOR current was observed near the graphene edge
ecause the collected response includes mixed contributions from
oth graphene and the inactive Si substrate. Figure 1c shows the
orresponding LSV curves for graphene, Pt, and n+ -Si, which
eflect the efficiency of interfacial electron transfer driving the
OR within the nanoscale electrochemical cell. Owing to the
elocalized π-electron network in its honeycomb carbon lattice,
raphene facilitates efficient interfacial charge transfer for IOR,
esulting in a lower onset potential of ∼ 0.75 V vs. Pd than that
f Pt ( ∼ 0.82 V vs. Pd) under similar conditions. In contrast,
he n+ -Si substrate shows a much higher onset potential of
 1.2 V vs. Pd. The local reaction kinetics of IOR were further
xamined by Tafel analysis, as shown in Figure 1d . The monolayer
raphene sample exhibits a Tafel slope of 59.6 mV dec− 1 , notably
maller than that of Pt (70.0 mV dec− 1 ) under similar conditions,
onsistent with more facile local IOR kinetics on graphene. It is
mportant to note that the SECCM IOR responses are not fully iR-
orrected because the iR-drop contribution is difficult to precisely
dvanced Science, 2026
determine in the confined nanopipette/meniscus geometry. To
minimize uncontrolled variation, all measurements were per-
formed using the same SECCM configuration, and a nanopipette
pre-screening procedure was applied to reduce probe-to-probe
differences in pipette geometry and effective meniscus response
(see Supporting Information ). Therefore, the reported values
should be interpreted as experimentally measured local responses
that allow consistent comparison of relative IOR trends among
different graphene samples and experimental conditions. To
verify the reproducibility of the SECCM observations throughout
this work, all measurements are carried out at multiple locations.

Electrostatic gating has recently been proposed to account for the
remarkable catalytic activity of ultrathin semiconductors, such as
2D transition metal dichalcogenides (TMDs) [ 59–62 ]. Although
semiconductors are often regarded as nonideal catalysts due to
their intrinsically low carrier concentrations, their surface carrier
density can be strongly modulated by electrolyte gating during
electrocatalytic operation. As a result, n-type 2D semiconductor
catalysts typically favor cathodic reactions, such as the hydrogen
evolution reaction (HER), whereas p-type counterparts are more
effective for anodic reactions, such as the oxygen evolution
[ 11, 62 ]. By contrast, graphene exhibits a distinctive electronic
structure characterized by Dirac cones, where the conduction
and valence bands intersect linearly at the Dirac point. The
3 of 11
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4

ermi level of graphene can be tuned through electrostatic
ating—shifted upward (electron doping) or downward (hole
oping) relative to the Dirac point—thereby enabling dynamic
odulation of the DOS available for electron transfer [ 44, 50 ].
his tunability is particularly advantageous for reactions such as
odide oxidation, where catalytic performance strongly depends
n rapid electron exchange between the catalyst and reactants.
oreover, optimizing the alignment of the electrode Fermi

evel with the electrolyte redox potential can further accelerate
eaction kinetics and enhance IOR activity. 

o investigate gate-controlled IOR catalysis on graphene, we
abricated an electrostatic back-gated device in a field-effect
ransistor (FET) configuration and integrated it into the SECCM
latform, as illustrated in Figure 2a . A key advantage of SECCM is
ts compatibility with FET architectures, which enables localized
lectrochemical measurements on selected nanoscale regions of
raphene while isolating the rest of the device from electrolyte-
nduced gating and conductivity variations associated with the
o-called self-gating effect [ 62 ]. The FET device was constructed
n a highly doped Si substrate serving as a global back gate,
eparated from the graphene by a 90 nm SiO2 dielectric layer. By
pplying a gate voltage (VBG ) between the Si back gate and the
raphene working electrode, the carrier concentration and Fermi
evel of the graphene could be continuously tuned across both
lectron- and hole-doped regimes. The details of graphene FET
abrication are provided in the Supporting Information . Figure 2b
hows the IDS–VBG curve under ± 5 V, exhibiting graphene’s
ypical ambipolar transport behavior and zero-bandgap signature.
he current minimum, corresponding to the charge-neutrality
Dirac) point, appears to be shifted slightly toward positive gate
oltages ( ∼ 0.25 V). This slightly p-doped pristine state, which
s mainly attributed to the electron transfer from graphene to
nvironmental oxygen and moisture adsorbates, as well as con-
ributions from polymer or etchant residues introduced during
raphene transfer [ 63–66 ], was reproducibly observed in our
abricated devices, as shown in Figure S9 . The applied gate
oltage effectively modulates the electronic structure of graphene
y shifting the Fermi level relative to the Dirac point. For
BG > 0, graphene becomes increasingly n-type due to electron
ccumulation, while for VBG < 0, p-type behavior dominates as
he Fermi level shifts downward away from the Dirac point. By
sing a parallel-plate capacitor model, the induced carrier con-
entration in the electrostatically gated monolayer graphene can
e quantitatively estimated. Under the experimental conditions
 − 5 V ≤ VBG ≤ + 5 V), the carrier density was estimated to vary
rom approximately − 1.25 × 1012 cm− 2 (hole doping) to + 1.14 ×
012 cm− 2 (electron doping), corresponding to Fermi-level shifts
f − 0.135 and + 0.125 eV relative to the Dirac point, respectively.
etailed calculations of the carrier concentration and Fermi-level
osition of the gated graphene FET are provided in the Supporting
nformation . 

ext, the gate-induced Fermi-level shift of graphene was corre-
ated with the evolution of the local IOR response under varying
ate voltages, as demonstrated by the representative SECCM LSV
urves in Figure 2c . Pristine graphene without gate bias shows
n IOR onset potential at 0.75 V vs. Pd. Applying a negative
ate bias lowers the onset potential to 0.72 and 0.69 V at − 3 and
 5 V, respectively, and increases the reaction current, indicative
f enhanced catalytic activity and reduced overpotential. In
of 11
contrast, positive gate biases of + 3 and + 5 V shift the onset
potential to 0.77 and 0.81 V, respectively, and suppress the current
response, reflecting reduced catalytic efficiency. This gate-tunable
behavior is consistent with the energetic requirements of iodide
oxidation, which depends on efficient electron transfer from
iodide ions to the graphene surface. As schematically illustrated
in Figure 2d , the redox level of the I− /I3 − couple ( + 0.54 V
vs. SHE or − 4.98 eV vs. vacuum) [ 25 ] in solution acts as a
fixed energy reference, whereas the graphene Fermi level is
dynamically tuned by the applied gate voltage. Under negative
gate bias, the graphene Fermi level shifts downward (p-type
doping), approaching the I− /I3 − redox level and increasing the
population of hole-like accepting states. This lowers the energetic
barrier for electron extraction from iodide and promotes more
efficient interfacial charge transfer. In contrast, positive gate bias
shifts the Fermi level upward (n-type doping), which is consistent
with a larger electron-transfer barrier and slower IOR kinetics.
The corresponding statistical results are summarized in Figure
S14 and Table S1 . A Ru(NH3 )6 3 + reduction control experiment
performed under the same gated SECCM graphene platform
further supports the modulation of charge transfer energetics.
(Figure S18 ). 

While electrostatic gating provides an extrinsic route to regulate
the Fermi level in graphene, twist-angle engineering offers a
structurally engineered route to reconfigure the graphene elec-
tronic landscape itself [ 67–70 ]. When two graphene sheets are
stacked with a small rotational misalignment, the resulting moiré
superlattice produces spatially varying AA, AB, and BA stacking
environments, accompanied by electronic reconstruction [ 46, 47,
52, 69, 70 ]. Near the magic angle ( ∼ 1.1◦), interlayer hybridization
narrows and flattens the low-energy bands, producing strong
DOS enhancement near EF together with highly non-uniform
local electronic weight within the moiré unit cell, where AA-
like regions can carry a disproportionately large contribution [ 46,
47, 53 ]. The resulting enhancement of the local DOS has been
closely associated with emergent strong-correlation phenomena,
including Mott insulating states and unconventional supercon-
ductivity [ 71, 72 ]. From an electrochemical perspective, this type
of moiré-engineered interface is relevant not only because it
increases the number of states available for interfacial charge
transfer, but also because it creates spatially heterogeneous local
environments that may influence adsorption, charge-transfer
coupling, and stabilization of iodine-related species during IOR
[ 46, 47, 54–56 ]. We therefore investigate IOR at MATBG by
integrating SECCM with a MATBG device. MATBG with a twist
angle of ∼ 1.1◦ was fabricated by mechanically exfoliated graphene
flakes encapsulated in h-BN using the dry-transfer tear-and-
stack method [ 73 ] to ensure high device quality (see Supporting
Information ). Figure 3a presents an atomic schematic of MATBG,
illustrating the moiré superlattice resulting from the interlayer
twist with a periodicity of ∼ 13 nm. This periodic structure has
a direct counterpart in reciprocal space (Figure 3b ), where the
interlayer rotation offsets the monolayer K (and K’) points and
constructs a moiré mini-Brillouin zone. Figure 3c displays a
representative selected-area electron diffraction (SAED) pattern
from a MATBG specimen prepared by the same fabrication route,
where the ∼ 1.1◦ splitting between the diffraction spots of the
two graphene layers. The twist-angle homogeneity over several
micrometer length scales was confirmed by multi-position SAED
analysis and dual-gate transport measurements, as provided
Advanced Science, 2026



FIGURE 2 (a) Schematic of operando SECCM setup integrated with back-gated graphene FET architecture for tuning electronic properties during 
localized IOR measurements. (b) Transfer characteristics of the graphene transistor under gate bias from − 5 to + 5 V. The corresponding gate-dependent 
SECCM LSV curves are shown in (c). (d) Band diagrams correlating Fermi level shifts with IOR thermodynamics: hole doping (VBG < 0) enhances IOR 
by lowering the Fermi level toward the redox potential, while electron doping (VBG > 0) suppresses it. 

Advanced Science, 2026 5 of 11



FIGURE 3 (a) Moiré superlattice of TBG with a twist angle ( θ) of 1.1◦, exhibiting distinct AA and AB stacking domains. (b) Schematic of Brillouin 
zones for two graphene layers rotated by an angle θ, resulting in the displacement between their Dirac points. (c) SAED pattern confirming the twist 
angle. (d, e) are TEM images revealing the local stacking configurations of AA and AB stacking regions, respectively. Overlaid atomic schematics 
highlight the distinct stacking motifs and interlayer registries. (f, g) Calculated Dirac cones of MATBG overlaid with the spectral weight of the AA 

or AB stacking regions, respectively. (h, i) Projected DOS of AA and AB regions, showing a strong contribution from AA regions, while AB regions 
contribute comparatively little. 
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FIGURE 4 (a) MATBG sample configuration along with a schematic of the electrolyte meniscus on MATBG. The meniscus spans several moiré
periods and therefore probes a collective local response from multiple moiré unit cells. (b) Optical image of the MATBG device used for SECCM IOR 
measurements. (c) Representative SECCM LSV results comparing monolayer graphene, Bernal-stacked bilayer graphene, CVD-grown graphene, and 
MATBG. (d) Calculated DOS of MATBG vs. monolayer and Bernal-stacked bilayer graphene. 
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n the Supporting Information . Figure 3d,e show representa-
ive high-resolution Transmission Electron Microscope (TEM)
mages of AA and AB stacking regions, respectively, illustrating
he distinct local stacking motifs within the moiré superlattice.
he strong interlayer hybridization expected near the magic angle
s further supported by continuum model calculations [ 74 ], as
hown in Figure 3f,g . The calculated band structures in a moiré
nit cell were overlaid with the spectral weight of the AA and
B stacking regions, respectively. The flat-band DOS, highlighted
n red, is predominantly localized in regions of the moiré unit
ell with local AA stacking. Consistently, the projected DOS in
igure 3h,i show a strong contribution from AA regions, while
B regions contribute comparatively little [ 75 ]. 

ext, we performed SECCM measurements on various graphene-
ased electrodes for IOR, including monolayer graphene, Bernal-
tacked bilayer graphene, and MATBG, all of which were
abricated via mechanical exfoliation. For comparison, the IOR
erformance of previously prepared CVD-grown graphene is
lso included. Figure 4a,b show the schematic architecture
dvanced Science, 2026
and optical image of the SECCM-compatible MATBG device.
The h-BN/MATBG/h-BN heterostructure was assembled by dry
transfer and contacted in an edge-contact geometry following
established protocols [ 73, 76, 77 ]. A lithographically defined
square aperture was etched through the top h-BN to expose
the active MATBG region, allowing the SECCM nanopipette to
access the surface for localized electrochemical measurements.
Complete fabrication details and dimensions are provided in
the Supporting Information . Within this windowed architecture,
only the exposed MATBG is wetted by the meniscus. Under
our SECCM configuration, the nanopipette forms a nanoscopic
meniscus with a lateral footprint of ∼ 100 nm, which is sig-
nificantly larger than the ∼ 13 nm moiré superlattice period
of MATBG. Consequently, each SECCM pixel spans several
AA/AB stacking domains, and each measurement reflects the
collective microscopic electrochemical signature that contains
ensemble-averaged, meniscus-confined response from multiple
moiré unit cells rather than a direct electrochemical response of
an individual AA or AB domain. Figure 4c presents representative
SECCM LSV curves comparing the IOR performance of these
7 of 11
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8

evices. MATBG exhibits the strongest IOR response and the
owest onset potential (0.66 V vs. Pd), highlighting its markedly
nhanced local electrocatalytic behavior. In contrast, Bernal-
tacked bilayer graphene shows a higher onset potential of 0.71 V
s. Pd. Monolayer graphene, whether obtained via mechanical
xfoliation or CVD growth, exhibits similar IOR performance
ith an onset potential of approximately 0.75 V vs. Pd, while
he exfoliated monolayer shows slightly better behavior than the
VD-grown sample, consistent with its higher crystalline quality.
he corresponding statistical results are summarized in Figure
15 and Table S1 . To be noted, the SECCM, multi-position SAED
Figure S10 ), and dual-gate transport measurements (Figure S17 )
ere performed on separate MATBG devices fabricated using
he same transfer process rather than on the identical device.
herefore, the twist angle of the specific region probed by
ECCM was not directly verified. Nevertheless, multi-position
AED and transport measurements demonstrate micrometer-
cale twist-angle homogeneity, which is substantially larger than
he length scale of the SECCM meniscus footprint. Together with
he consistent SECCM responses obtained at multiple locations,
hese results support the interpretation that the electrochemical
ehavior is representative of MATBG devices fabricated under the
ame conditions. 

ased on the observed SECCM trends, electronic-structure cal-
ulations, and previous studies on moiré electrochemistry and
odine–graphene interactions [ 47, 54–56 ], the enhanced IOR
ctivity of MATBG can be associated with a reconstructed
nterfacial electronic environment induced by the magic-angle
oiré superlattice, which may involve the following coupled
ffects. First, the flat bands increase the electronic-state density
vailable for interfacial charge transfer (Figure 4d ). Second, the
patial localization of these states in AA-enriched regions creates
eterogeneous local electronic environments within the moiré
nit cell, which may modify the electronic coupling between
raphene and iodine-related redox species. Third, because iodine
dsorption on graphene involves charge-transfer interactions, the
odified local electronic structure of MATBG may influence the
dsorption/desorption balance of iodide, iodine, or polyiodide
pecies. In addition, recent studies suggest that enhanced elec-
rode DOS can reduce interfacial reorganization energy through
lectronic screening. Although these effects cannot be quanti-
atively separated in the present study, they may act together
o promote IOR and are therefore considered a reasonable
echanistic explanation for the enhanced activity of MATBG.
ccordingly, MATBG could provide a more optimized interfacial
nvironment for the adsorption and desorption of iodine-related
pecies to promote efficient IOR compared with monolayer and
ernal-stacked bilayer graphene. 

 Conclusions 

n conclusion, this work demonstrates that the iodide oxida-
ion activity of graphene can be effectively regulated through
eliberate control of its electronic structure. In monolayer
raphene, electrostatic gating provides a direct means to tune the
ermi level and carrier density, thereby modifying the energetic
lignment between graphene and the I− /I3 − redox couple and
nabling controllable changes in local IOR kinetics. In twisted
ilayer graphene, the magic-angle moiré superlattice introduces a
of 11
distinct form of electronic-structure reconstruction, in which flat-
band-derived states emerge together with spatially varying local
stacking environments. Under these conditions, the enhanced
IOR response of MATBG is attributed to the combined effects of
increased electronic-state density near the Fermi level and a more
favorable interfacial environment for iodine-related adsorption
and charge transfer. By linking nanoscale electrochemical behav-
ior with tunable graphene electronic structures through SECCM,
this study provides a coherent framework for understanding how
Dirac-cone engineering can be used to regulate iodine electro-
chemistry. More broadly, it identifies graphene-based quantum
and moiré engineering as a promising route toward metal-free
catalysts for value-added anodic reactions. 
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