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Electrontransfer (ET) reactions underpin energy conversion and chemical
transformations in both biological*? and abiological>* systems. The efficiency of any
ET processrelies on achieving a desired ET rate within an optimal driving force range.
Marcus theory®’ provides a microscopic framework for understanding the
activation free energy—and therefore the rate—of ET in terms of a key parameter:
the reorganization energy. For electrified solid-liquid interfaces, it has long been
conventionally understood that only factorsin the electrolyte phase are responsible
for determining the reorganization energy and that the electronic density of states
(DOS) of the electrode only serves to dictate the number of thermally accessible
channels for ET>®2, Here we show instead that the electrode DOS plays a central role
ingoverning the reorganization energy, far outweighing its conventionally assumed
role. Using atomically layered heterostructures, we tune the DOS of graphene

and measure outer-sphere ET kinetics. We find the ensuing variation in ET rate arises
from strong modulation in a reorganization energy associated with image potential

localizationin the electrode. Here we redefine the traditional paradigm of
heterogeneous ET kinetics, revealing a deeper role of the electrode electronic
structure ininterfacial reactivity.

Intheinitial formulation of Marcus theory for homogeneous electron
transfer (ET) involving redox-activeions in solution, the activation free
energy was explained in terms of a reorganization energy (1) penalty
required to distort the atomic configuration and solvation environ-
ment of the reactant species to resemble those of the product state®”.
Extensions in the so-called Marcus-Gerischer® and Marcus-Hush®’
formalisms rationalized heterogeneous ET processes at electrode—
electrolyteinterfaces, specifically addressing the ET rate constantin the
weak coupling limit. The quantum mechanical theory of ET—pioneered
by Levich, Dogonadze, Chernenko and Kuznetsov*?—similarly leads
to Marcus-Hush-typerate expressions. The seminal adaptation of the
Marcus-Hush model by Chidsey™ explained the dependence of inter-
facial ET rates on driving force and temperature by incorporating the
Fermi-Diracdistribution of occupied electronic states in the electrode.
Inall of these and later* extensions that incorporated a non-uniform
(energy-dependent) density of electronic states (DOS) profile of the
electrode, the DOS of the electrode exclusively serves to dictate the
number of thermally accessible channels for ET. Furthermore, consist-
ent with the original framework, Ais presumed to arise largely from
nuclear reconfigurations in the electrolyte phase (typically those of
the solvent and in some cases the redox molecule itself).
Enhancementsininterfacial charge transfer atelectrodes and photo-
electrodes due to electrostatic variations in carrier doping or defects
(including vacancies, step edges and grain boundaries) are commonly

explained as arising fromincreasesinthe electrode DOS near the Fermi
level (£;), ostensibly due to increased number of thermally accessible
channels for ET® Y, Yet the Marcus-Hush-Chidsey (MHC) or Marcus-
Gerischer framework often fails to quantitatively predict interfacial
ET rate constants, even for relatively simple electrode reactions—
overestimating ET rates by an order of magnitude or more®2°. Arecent
example of these discrepanciesis foundintheinterfacial ET behaviour
of twisted-bilayer graphene and twisted-trilayer graphene'*?. In these
moiré electrode systems, which display periodic spatial localization of
the electronic charge density in moiré superlattice topological defects,
models derived from the MHC framework are unable to account for
the large variation in ET rate with twist angle despite modifications
to account for a DOS profile that varies with energy® as well as quan-
tum capacitance effects that lead to changes in DOS of the electrode
following electrochemical polarization'**.,

What is missing from these frameworks to explain how electrode
defects produce such strong local enhancements in interfacial ET is
a consideration of the electrode’s contribution to A. Yet, molecular
dynamics simulations have long predicted thatAforinterfacial ET would
vary with the distance of a redox molecular ion from a metallic elec-
trode, owing toimage charge interactions*?, First-principles calcula-
tions of ET rates at graphite electrodes also considered a contribution
of the electrode dielectric response to A, but the effect was presumed
tobesufficiently small to be neglected®. Moreover, recent simulations
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Fig.1|Electrochemistry of MLG-hBN-crystalline donor-acceptor
heterostructures. a, Schematicillustrations of electrochemical measurement
at MLG surfaces using SECCM. b, Optical micrograph of adevice fabricated
from an exfoliated MLG flake on hBN and RuCl,. ¢, Representative steady-state
voltammograms of 2mM Ru(NH,),**, depicting the mean current from the
forward and backward sweeps, in 0.1 MKCl solution obtained at gold, graphite
and MLG-hBN heterostructures (withand without a-RuCl;). Scanrate, 100 mVs™.

of twisted-bilayer graphene have established a connection between
the moiré twist angle and the screening of charge carriers within the
electrode, identifying that a twist-angle-dependent reorganization
energy canaccount for the interfacial ET behaviour observed at moiré
graphene electrodes®?. A unique aspect of these electrode systems
isthe ability to continuously change the density of states (DOS) at the
Fermienergy, and correspondingly tune the ability of the electrode to
screen electric fields. The Thomas-Fermi (TF) screening length (¢1;)
quantifies the length-scale over which charges are screened inimper-
fect metals. As £ scales inversely with DOS, higher metallicity leads
tosharper chargelocalization, whereas lower metallicity yields amore
diffuse charge distribution. Such tunability offers a new avenue to
investigate how electronic screening shapes interfacial ET?.

Here we directly and systematically probe the DOS dependence of
interfacial ET using van der Waals assembly of atomically thin crystals.
Using solid-state dopant layers and hexagonal boron nitride (hBN)
spacers, we electrostatically tune the doping levels in monolayer gra-
phene (MLG) and measure the resulting variation in heterogeneous
outer-sphere electrochemical ET rates of the [Ru(NH,),]** couple.
The strong variationin graphene charge density with changes to hBN
spacer thickness is shown tobe mediated by defectsinthe hBN crystals.
A continuum modelis leveraged to obtain amicroscopic understand-
ing of the dependence of interfacial ET rate on the electrode DOS. We
find that the ensuing variation in ET rates with charge carrier density
cannot be modelled in the Marcus framework when one only consid-
ers the change in the number of thermally accessible channels for ET.
Instead, our measurements and simulations unveil the considerably
more dominant DOS-dependent reorganization energy, which accu-
rately captures the large experimental variation in interfacial ET rate
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d, Dependence of the interfacial ET rate constant, k°, on the thickness of hBN
spacer between MLG and RuCl, (crystalline acceptor) or WSe, (crystalline
donor). Each data point represents the mean of multiple measurements for
sampleswithagiven hBN thickness; error barsindicate the s.d. for each k°,
where nvaries from3to 6.Scalebar, 10 um (b).

with DOS. We observe that at low charge carrier densities—suchas those
found inmany low-dimensional electrode materials, as well as bulk or
nanocrystalline semiconductors—the reorganization energy penalty
owingtothelowelectrode DOS can be of amagnitude comparable with
thatarisingin the solvent at a metallic electrode. This systematic study
ofthe DOS dependence ofinterfacial ET rates on well-defined electrode
surfaces challenges the conventional paradigm that reorganization
energy contributions predominantly arise from the electrolyte side
oftheelectrode-electrolyteinterface and establishes a general micro-
scopic framework for understanding heterogeneous ET that explicitly
accounts for the electronic properties of the electrode in governing
the free energy of activation.

Measurements of interfacial ET as a function of DOS

Isolating two-dimensional (2D) crystals enables the assembly of van der
Waals heterostructures with tailored electronic and chemical proper-
ties?®®?, When 2D crystals with disparate work functions are interfaced,
theresultingelectricfield leads to charge transfer and interfacial doping,
analogoustothe effect of an electrostatic gate inafield effect transistor;
past work has shown that a-RuCl; and WSe, can thus be used to dope
graphene with holes and electrons, respectively*. This approach pro-
videsamodular doping mechanism similar to vacancy or substitutional
dopingbut avoids introducing chemical disorder into the active layer.
Such heterostructures provide an exceptionally well-defined platform
forexamining how doping-induced DOS changesimpact therate of ET.

We fabricated mesoscopic electrochemical devices comprising MLG
onRuCl,. We also fabricated samples with hBN spacers placed between
MLG and RuCl,, and varied the hBN spacer thickness from3 nmt0o120 nm
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Fig.2|RuCl;-induced dopingin MLG and quenching of hBN fluorescence.
a, Top:Raman G-peak spectra of MLG-hBN, MLG-WSe, and MLG-a-RuCl,
heterostructures. Bottom: G-peak spectra of MLG-hBN-a-RuCl,
heterostructures with varying hBN thicknesses. Solid lines indicate Voigt fits
fromwhich peak positionsare obtained. b, Hall resistance, R,, as afunction
of magneticfield at 1.8 K for three hBN thicknesses in MLG-hBN-a-RuCl,
heterostructure devices, compared withundoped MLG. u,Hrepresents the
magnetic flux density, where p1, is the vacuum permeability and His the
magnetic field strength. ‘H||c, i||ab’ indicates that His aligned parallel to

the crystallographic caxis of graphene, and that currentiis flowingin the
a-bplane.c, Absolute carrier density in MLG, |n|, as afunction of hBN spacer
thicknessin MLG-a-RuCl,, derived from Raman G-peak shifts and Hall
measurements, compared with |n|-predicted first-principles calculations
(dashed black line*?). A polynomial fit (solid red line) phenomenologically

(Methods and Extended Data Fig. 1for further details on sample fabrica-
tionand characterization). Electrochemical measurements were con-
ducted using scanning electrochemical cell microscopy (SECCM), which
enables nanoscale electrochemical measurements by positioning an
electrolyte-filled nanopipette over the sample and forming a confined
electrochemical cell following meniscus contact®. Here we used quartz
nanopipettes approximately 600-800 nmin diameter (Extended Data
Figs.2and 3) containing2 mM hexaammineruthenium(lll) chloride and
100 mM potassium chloride as supporting electrolytes.

Figure 1a,b presents schematics of the sample and measurement
set-up alongside an optical micrograph of a representative MLG-
hBN-RuCl; device in contact with a graphite flake, which serves as
the electrical contact. Steady-state cyclic voltammograms of the
[Ru(NH,)(J**”* couple at the basal plane of a MLG-10-nm-hBN-RuCl,
heterostructures (Fig. 1c) reveal a shift in the half-wave potential £,
to more positive potentials compared with cyclic voltammograms
of analogous samples without RuCl,, consistent with enhanced DOS
from RuCl;-induced hole doping that facilitates the electroreduction
of [Ru(NH,),]*". Notably, even with a 10 nm (25-layer) hBN spacer,
MLG displays ET kinetics approaching those of graphite and has
nearly reversible electrochemical behaviour at the basal plane. This
enhanced kinetic behaviour can be understood as originating from a
downward shiftin the E; relative to the charge neutrality point (CNP),
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models thesub-20 nmregimeinwhich enhanced doping deviates from classical
screening, due to defect-mediated charge transfer. Error barsindicate the s.d.
foreach|n|, where the number of data points for each |n| varies from 6 to 10.

d, Schematicillustration of band alignment and interfacial charge transfer
betweengraphene and a-RuCl,, depicting E; shifts relative toitsband structure
and corresponding DOS modifications. Wy.4., denotes redox molecule
probability distributions (W,,, oxidized; W;.q, reduced). edenotes the elementary
charge and £° denotes the standard reduction potential of the redox couple.

e, Illustration of the experimental set-up for liquid-induced fluorescence
measurements in hBN-a-RuCl; heterostructures. f, Normalized hBN emission
intensity versusillumination timein regions with and without a-RuCls.
Theinset displays awide-field fluorescence image (561 nmlaser, -5 kW cm™,

6 msexposure).Scalebar, 5 pm.

driven by the work function difference between RuCl; and MLG. To a
firstapproximation, the associated increased DOS (hole doping) at £;
would greatly expand the availability of states to mediate interfacial ET.
Inthe Gerisher-Marcus framework, this increases the extent of energy
overlap between states in Ru(NH,)>?" and MLG.

Finite-element simulations were performed using COMSOL Mul-
tiphysics (v.5.4) to simulate voltammetric responses with the Butler-
Volmer model and estimate standard electrochemical rate constants
(k°), as detailed in the Methods. Figure 1d illustrates the correlation
between k° and hBN thickness for RuCl, (solid-state acceptor) and
WSe, (solid-state donor), revealing a strong modulation in ET kinet-
ics with varying hBN thickness. Even when a 50-nm-thick hBN spacer
layer is used, RuCl, leads to a measurable increase in k° relative to the
electrochemical response measured in the absence of RuCls. In the
case of WSe,, the effect diminishes beyond an hBN spacer thickness of
20 nm. Inthe absence of an hBN spacer, MLG-RuCl; achieves ET rates
comparable with those of pristine bulk graphite.

Carrier density and fluorescence measurements

Raman spectroscopy and Hall measurements were used to quantify
doping as a function of hBN thickness*® (Methods and Extended Data
Figs. 6 and 7). Figure 2a (top) compares the Raman G-peak positions of



a g b
@ h*-doped (4 < 0)
60 - (]) @ e -doped (u > 0)
e

‘metal

< 40+
A«
20 |-
o L
0.3 0.2 0.1 0
ul (eV)
¢ u (V)
09 -06 -03 0 03 06 09
T T T T T
13 G(AE) (eV) 2. ()
0.8 20
121 los
0.4 10
11k /
3 /402
< 1.0

u=+0.05eV Oe

-5.0x10%e

-1.0x10%e

Oe

15x10%e

02 0 02 04 06
DOS (eV' nm?)

Fig.3|DOS-dependent electrode polarizationand charge-transfer kinetics.
a, Standard charge-transfer rate constants (k°) as a function of y, normalized
tothestandard rate constantatundoped graphene (ko'). Experimental data
(symbols) are compared with the model using fixed A,,,.., (red dotted line) and
A(u) derived from &5 (red solid line). Error bars indicate the s.d. for each k°,
where nvariesfrom3to 6.b, Simulated polarization response of the electrode
uponswitchingthe charge state ofaredoxion. The redoxionis positionedata

pristine MLG with those of MLG-RuCl;, MLG-WSe, and MLG-hBN-RuCl,
heterostructures across varying hBN thicknesses (Fig. 2a, bottom). The
doping-induced shiftsinthe graphene G-peak position are stronger for
RuCl; than WSe, and are seen to attenuate with increasing hBN thick-
ness. Past work has shownalinear relationship between G peak position
and charge carrier density®, establishing a doping change of about
9x10" cm carriers per wavenumber shift. This correlation was used
to deduce the graphene charge carrier density induced by RuCl; or
WSe, heterolayers as a function of hBN spacer thickness.

When MLG and RuCl, are separated by hBN crystals thicker than
20 nm, we are unable toresolve further shifts in the G-peak. Given that
we observed modulations in ET kinetics beyond 20 nm (Fig. 1d), we
fabricated mesoscopic Hall bar devices and performed electronic trans-
port measurements to measure these low carrier densities (Methods).
Figure 2b presents the Hall resistance (R,,) at 1.8 K for MLG-hBN-RuCl,
devices with hBN thicknesses of 22, 43 and 79 nm. The slope of R, as
afunction of magnetic field at low fields is inversely proportional
to the carrier concentration, n, and indicates carrier type (positive,
holes; negative, electrons), allowing for direct assessment of dop-
ing levels. Up to an hBN spacer thickness of 43 nm, RuCl; generates
hole doping in MLG, whereas a negative slope is measured in the pris-
tine MLG (no RuCl;) region of the same device as well as in the MLG-
hBN-RuCl, device comprising 79-nm-thick hBN, indicating electron
doping.

Figure 2c plots |n] in MLG as a function of hBN thickness, derived
from Raman G-peak shifts and Hall measurements. These experimental
values are compared with the doping expected from first-principles
calculations® (black dashed line), which account for both the work func-
tion difference between MLG and RuCl,, and the dielectric constants
ofthe spacers. Although the model aligns very well with experimental
datafor hBN thicknesses of over 20 nm, doping levels exceed those pre-
dicted by theory for thinner hBN spacer layers. The enhanced doping
observed in ultrathin hBN may be a result of valence band alignment

fixed distance of 5 A above the electrode surface in the z-direction. Polarization
magnitudeis visualized using an exponential colour scale. In the colour scale
barlabels, eis the elementary charge. ¢, Reorganization energy (1) asafunction
of DOS and chemical potential (). Left inset: free energy surfaces G(AE) of ET
for [Ru(NH,),]*"”* redox couple for =0 eV (solid grey), 0.05 eV (dotted magenta)
and 0.5 eV (dashedblue). Rightinset: #;; versus g, calculated from DOS.

between hBN and RuCl;, which activates a theoretically proposed
defect-mediated charge transfer process®. To investigate this pos-
sibility of hBN-defect-mediated doping, we conducted fluorescence
measurements on hBN-RuCl, heterostructures (Fig. 2e). Past work
hasshown that organic solvents enhance hBN defect fluorescence via
solvent-defect charge transfer®*. Using wide-field imaging (Methods),
we observed that RuCl; strongly quenches the defect-based fluores-
cencein hBN (Fig. 2f). This result suggests that defect-mediated inter-
actions may indeed contribute to theincreased extent of MLG doping
by RuCl;, which is observed when hBN spacers less than 20-nm thick
are used in MLG-hBN-RuCl; heterostructures.

Effect of metallicity on the reorganization energy

By relating the hBN-modulated carrier densities (Fig. 2c) to shifts in
the chemical potential u (that is, E; at equilibrium) of MLG relative to
its band structure, Fig. 3a compares experimentally measured outer-
sphere standard ET rate constants (symbols) as a function of i to
theoretical models (lines). In our modelling (Methods and Extended
Data Figs. 8 and 9), rate constants are normalized to those at the
undoped graphene k%), and are calculated at zero overpotential.
Under these conditions, quantum capacitance effects on u are negli-
gible compared with the effects of solid-state doping.

First we consider an MHC model (red dotted line in Fig. 3a) in
which the reorganization energy (A, is assumed to be a constant
A=0.82eV, as measured for this redox pair on metal (gold modified
by self-assembled monolayer thiols) electrodes®. This MHC model
accounts for the doping-dependent DOS but captures only the effect
oninterfacial ET of increasing the number of thermally accessible states
intheelectrode. Theresultis a prediction of very modest rate enhance-
ment with DOS relative to that at the undoped graphene (about five
to tenfold at extreme doping) that completely fails to replicate the
experimental scaling.
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Instead we find that the strongest contribution to the ET rate
enhancement with increasing DOS is derived from an attenuation in
thereorganization energy. This DOS dependence of 1 arisesinresponse
tochangesinthedielectric screening within the electrode as afunction
of doping, and canbe understood interms ofimage charge interactions
attheelectrochemicalinterface. To explain this effect, Fig. 3b presents
aseries of simulation snapshots of the instantaneous discharging of an
empty capacitor, displaying logarithmic maps of the induced charge
distributions in response toamonovalention placed 5 A away from the
surface. The simulations were performed subject to a constant potential
constraint, where electron-electron screening was modelled within
TF theory??*¥, The screening length, £;;, is inversely proportional to
the Fermilevel, i, reflecting enhanced metallicity as the charge carrier
densityincreases. As |u| increases (corresponding toanincreased metal-
licity and decreasein ;;), theinduced charge density becomes sharply
localized, whereas a decrease in doping, or equivalently adecrease in
metallicity, leads to a more diffuse charge distribution.

Next, in Fig. 3c we account for this ¢;; to model a reorganization
energy, A(u), which is a function of DOS and u using non-local dielec-
tric continuum theory. Our model predicts a strong attenuation of
A(u) with increasing metallicity (increasing DOS), converging to a
value of 0.82 eV, consistent with A, (ref. 35). This trend arises from
enhanced stabilization of the charge transfer transition state due to
sharply localized polarization within the electrode. This manifests in
the calculated free energy surfaces for the Ru**~Ru* redox system at
different values of u (left inset of Fig. 3¢). These calculations reveal a
pronounced influence of electrode screening on ET kinetics: reduced u
monotonically increases the activation free energy (AG*), correspond-
ing to the intersection of the reactant and product free energy sur-
faces. Therightinset of Fig. 3c plots ;¢ versus u. The plot reveals a rapid
declinein 7y asthe systemis doped away fromthe CNP (= 0), directly
linking doping-induced Fermi level shifts to screening efficiency. By
explicitly including A(u)—which decreases with rising DOS—our model
achieves quantitative agreement with experimental rates (red line
in Fig. 3a), establishing that electrode electronic structure governs
A and by extension the activation free energy landscape. Thus, the
predominant contributor to increasing ET rates with increasing DOS
isthe decrease inA, and not the change in number of thermally acces-
sible electron donor-acceptor states.

Discussion and conclusions

Our experimental and theoretical results demonstrate the pivotal influ-
ence of the electrode electronic structure on interfacial ET kinetics,
not only through the expected increase in the pre-exponential factor
as DOS increases, but also through a significant impact on the reor-
ganization energy itself. This paradigm shift challenges the traditional
electrolyte-centric perspective of reorganization dynamics, compelling
arevised activation free energy framework that explicitly integrates the
influence of electrode electronic properties onA. Our findings provide a
more comprehensive mechanistic understanding of heterogeneous ET
and establish foundational principles to guide the design and optimiza-
tion of interfacial charge transfer in next-generation devices. We antici-
pate that this concept will be particularly relevant to photo-induced ET
processes, which inherently involve semiconducting (thus low DOS)
materials®*°. Future theoretical and experimental efforts should fur-
therunravel theinterplay between electrode DOS, defect engineering
and A to fully harness the potential of low-DOS materials in quantum
technologies and energy applications.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions

102 | Nature | Vol 653 | 7 May 2026

and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-026-10311-2.

1. Moser, C. C., Keske, J. M., Warncke, K., Farid, R. S. & Dutton, P. L. Nature of biological
electron transfer. Nature 355, 796-802 (1992).

2. Reece,S.Y.&Nocera, D. G. Proton-coupled electron transfer in biology: results from
synergistic studies in natural and model systems. Ann. Rev. Biochem. 78, 673-699
(2009).

3.  Gray, H. B. Powering the planet with solar fuel. Nat. Chem. 1, 7 (2009).

4.  Koper, M. T. M. Thermodynamic theory of multi-electron transfer reactions: implications
for electrocatalysis. J. Electroanal. Chem. 660, 254-260 (2011).

5. Schmickler, W. & Santos, E. Interfacial Electrochemistry 2nd edn (Springer, 2010).

6. Marcus, R. A. On the theory of oxidation-reduction reactions involving electron transfer.
II. Applications to data on the rates of isotopic exchange reactions. J. Chem. Phys. 26,
867-871(1957).

7. Marcus, R. A. On the theory of oxidation-reduction reactions involving electron transfer. I.
J. Chem. Phys. 24, 966-978 (1956).

8.  Gerischer, H. Uber den ablauf von redoxreaktionen an metallen und an halbleitern:

1. Allgemeines zum elektroneniibergang zwischen einem festkérper und einem
redoxelektrolyten. Z. Phys. Chem. 26, 223—247 (1960).

9. Hush, N. S. Electron transfer in retrospect and prospect 1: Adiabatic electrode processes.
J. Electroanal. Chem. 470, 170-195 (1999).

10. Chidsey, C. E. D. Free energy and temperature dependence of electron transfer at the
metal-electrolyte interface. Science 251, 919-922 (1991).

1. Kuznetsov, A. M. & Ulstrup, J. Electron Transfer in Chemistry and Biology: An Introduction
to the Theory (Wiley, 1999).

12. Dogonadze, R. R., Kuznetsov, A. M. & Chernenko, A. A. Theory of homogeneous and
heterogeneous electronic processes in liquids. Russian Chem. Rev. 34, 759-775
(1965).

13.  Kurchin, R. & Viswanathan, V. Marcus-Hush-Chidsey kinetics at electrode-electrolyte
interfaces. J. Chem. Phys. 153, 134706 (2020).

14.  Yu,Y.etal. Tunable angle-dependent electrochemistry at twisted bilayer graphene with
moiré flat bands. Nat. Chem. 14, 267-273 (2022).

15.  Seh, Z. W. Combining theory and experiment in electrocatalysis: insights into materials
design. Science 355, eaad4998 (2017).

16. Jaramillo, T. F. et al. Identification of active edge sites for electrochemical H, evolution
from MoS, nanocatalysts. Science 317, 100-102 (2007).

17.  Seitz, L. C. et al. A highly active and stable IrO,/SrIrO; catalyst for the oxygen evolution
reaction. Science 353, 1011-1014 (2016).

18.  Smith, B. B. & Koval, C. A. An investigation of the image potential at the semiconductor/
electrolyte interface employing nonlocal electrostatics. J. Electroanal. Chem. Interfac.
Electrochem. 277, 43-72 (1990).

19. Medvedey, . G. Non-local and overscreening effects in the kinetics of heterogeneous
charge transfer reactions. J. Electroanal. Chem. 517, 1-14 (2001).

20. Shuai, Z., Li, W., Ren, J., Jiang, Y. & Geng, H. Applying Marcus theory to describe the
carrier transports in organic semiconductors: limitations and beyond. J. Chem. Phys. 153,
080902 (2020).

21.  Zhang, K. et al. Anomalous interfacial electron-transfer kinetics in twisted trilayer
graphene caused by layer-specific localization. ACS Central Sci. 9, 1119-1128 (2023).

22. Willard, A. P, Reed, S. K., Madden, P. A. & Chandler, D. Water at an electrochemical
interface—a simulation study. Faraday Discuss. 141, 423-441(2008).

23. Limaye, A. M., Ding, W. & Willard, A. P. Understanding attenuated solvent reorganization
energies near electrode interfaces. J. Chem. Phys. 152, 114706 (2020).

24. Royea, W. J., Hamann, T. W., Brunschwig, B. S. & Lewis, N. S. A comparison between
interfacial electron-transfer rate constants at metallic and graphite electrodes. J. Phys.
Chem. B110, 19433-19442 (2006).

25. Coello Escalante, L. & Limmer, D. T. Microscopic origin of twist-dependent electron
transfer rate in bilayer graphene. Nano Lett. 24, 14868-14874 (2024).

26. Noori, K., Cheng, N. L. Q., Xuan, F. & Quek, S. Y. Dielectric screening by 2D substrates. 2D
Mater. 6, 035036 (2019).

27. Scalfi, L., Dufils, T., Reeves, K. G., Rotenberg, B. & Salanne, M. A semiclassical Thomas-
Fermi model to tune the metallicity of electrodes in molecular simulations. J. Chem. Phys.
153, 174704-174704 (2020).

28. Geim, A. K. & Grigorieva, |. V. Van der Waals heterostructures. Nature 499, 419-425
(2013).

29. Bediako, D. K. et al. Heterointerface effects in the electrointercalation of van der waals
heterostructures. Nature 558, 425-429 (2018).

30. Wang, Y. et al. Modulation doping via a two-dimensional atomic crystalline acceptor.
Nano Lett. 20, 8446-8452 (2020).

31. Ebejer, N. et al. Scanning electrochemical cell microscopy: a versatile technique for
nanoscale electrochemistry and functional imaging. Ann. Rev. Anal. Chem. 6, 329-351
(2013).

32. Bokdam, M., Khomyakov, P. A., Brocks, G. &Kelly, P. J. Field effect doping of graphene in
metal—dielectric—graphene heterostructures: a model based upon first-principles
calculations. Phys. Rev. B 87, 075414 (2013).

33. Prasad, M. K., Al-Ani, O. A., Goss, J. P. & Mar, J. D. Charge transfer due to defects in
hexagonal boron nitride/graphene heterostructures: an ab initio study. Phys. Rev. Mater.
7, 094003 (2023).

34. Ronceray, N. et al. Liquid-activated quantum emission from pristine hexagonal boron
nitride for nanofluidic sensing. Nat. Mater. 22, 1236-1242 (2023).

35. Smalley, J. F. et al. Heterogeneous electron-transfer kinetics for ruthenium and ferrocene
redox moieties through alkanethiol monolayers on gold. J. Am. Chem. Soc. 125, 2004-2013
(20083).

36. Thompson, A. P. et al. LAMMPS—a flexible simulation tool for particle-based materials
modeling at the atomic, meso, and continuum scales. Comput. Phys. Commun. 271,
108171(2022).


https://doi.org/10.1038/s41586-026-10311-2

37.

38.

39.

40.

Ahrens-lwers, L. J., Janssen, M., Tee, S. R. & MeiBner, R. H. ELECTRODE: an electrochemistry
package for atomistic simulations. J. Chem. Phys. 157, 84801-84801(2022).

Caruge, J. M., Halpert, J. E., Wood, V., Bulovic, V. & Bawendi, M. G. Colloidal quantum-dot
light-emitting diodes with metal-oxide charge transport layers. Nat. Photon. 2, 247-250
(2008).

Kamat, P. V. Boosting the efficiency of quantum dot sensitized solar cells through
modulation of interfacial charge transfer. Acc. Chem. Res. 45, 1906-1915 (2012).

Zhu, H., Yang, Y., Wu, K. & Lian, T. Charge transfer dynamics from photoexcited
semiconductor quantum dots. Ann. Rev. Phys. Chem. 67, 259-281(2016).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

™ 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Nature | Vol 653 | 7 May 2026 | 103


http://creativecommons.org/licenses/by/4.0/

Article

Methods

Chemicals and materials

Natural Kishgraphite crystals (Grade 300, 99.99% purity) were procured
from Graphene Supermarket. Hexagonal boron nitride crystals were
provided by T. Taniguchi and K. Watanabe, and were used as received.
Large, flat crystals of RuCl, were grown by chemical vapour transport
following the procedure detailed in a previous study*. Briefly, com-
mercial RuCl; powder (Alfa Aesar, anhydrous, Ru > 47.7%) was loaded
into a quartzampoule in an argon glovebox, sealed under dynamic
vacuum, and heated in a two-zone furnace with a temperature gradi-
entand ramp rates of 1 K per min. The resulting crystals were collected
fromthe cold end and stored in an argon-filled glovebox.

Si/Si0, wafers (0.5-mm-thick, 285 nm SiO,) and polydimethylsilox-
ane stamps (PDMS) were obtained from NOVA Electronic Materials
and MTI Corporation, respectively. Sn/In alloy (Custom Thermoe-
lectric), poly(bisphenol-A carbonate), hexaammineruthenium(lll)
chloride (98%) and potassium chloride (>99%) were purchased from
Sigma-Aldrich. Sulfuricacid (ACS grade, >95-98%, Thermo Fisher Sci-
entific) was used as received. All aqueous electrolyte solutions were
prepared using type I water (EMD Millipore, 18.2 MQ cm). Solid KCI
was added as asupporting electrolyte in Ru(NH,),** solution to a final
concentration of 100 mM.

Sample fabrication

Graphene and hBN flakes were mechanically exfoliated onto SiO,
(285 nm)/Sisubstrates from bulk crystals using Scotch tape*2. Exfoliated
flakes on SiO,/Si chips were identified by optical microscopy (Laxco
LMC-5000). MLG flakes were distinguished by their approximately 7%
optical contrast in the green channel**** and further verified by Raman
spectroscopy (HORIBA LabRAM Evo). Extended Data Fig.1shows a
representative optical contrast of around 7% in the green channel for
MLG and about 14% for bilayer graphene. The thickness of hBN flakes
was determined by atomic force microscopy (Park Systems NX10)
(Extended Data Fig.1c,d).

«-RuCl; crystals were exfoliated in an argon-filled glovebox onto SiO,
(90 nm)/Sisubstrates to prevent degradation. Precise thickness control
wasnotrequired, as even asingle monolayer of a-RuCl, is sufficient to
induce substantial hole dopingin graphene®**. Instead, emphasis was
placed on selecting flakes smaller than the hBN to ensure complete
encapsulation, and flatness was prioritized to minimize strain during
stacking. Suitable flakes were identified with an optical microscope
(Nikon) within the glovebox.

We selected the multilayer system comprising graphene, hBN, RuCl,
and WSe, due to their complementary characteristics. Graphene offers
atunable and well-defined electronic platform, whereas hBN serves as
aninert spacer that allows precise control of doping. The RuCl; and
WSe, layers function as stable charge-transfer dopants, modulating gra-
phene’s electronic properties without affecting its structural integrity.
Together, these materials enable systematic tuning of interfacial doping
while preserving the overall structural quality of the heterostructure.
MLG-hBN-RuCl; heterostructures were assembled by a dry-transfer
technique on a temperature controlled stage (Instec), equipped with
anoptical microscope (Mitutoyo FS70) and micromanipulator (MP-285,
Sutter Instrument) inan argon glovebox. A poly(bisphenol-A carbonate)
film on aPDMS stamp was used to pick up a RuCl, flake within 30 min of
exfoliation to minimize moisture exposure, which could compromise
its doping efficacy*. The picked RuCl, flake was then capped with an
hBN flake (3-180 nm thick), followed by MLG, partially overlapping
the RuCl;toleave asegment of graphene without RuCl,. A thick graph-
ite flake (10-100 nm) was finally transferred to partially overlap the
graphene, providing electrical contact with the heterostructure. The
poly(bisphenol-A carbonate) film was delaminated from the PDMS
stamp and placed onto a clean SiO,/Si chip. Electrical contacts with
graphite were subsequently established using Sn/In microsoldering™.

SECCM measurements

Single-channel SECCM nanopipettes were fabricated from quartz
capillaries (0.7 mminner diameter,1 mm outer diameter; Sutter Instru-
ment) using alaser puller (P-2000, Sutter Instrument) with the follow-
ing parameters: heat = 700, filament = 4, velocity = 20, delay =127,
and pull =140. This procedure yielded pipettes with orifice diameters
of 600-800 nm, as confirmed by bright-field transmission electron
microscopy (TEM; Extended Data Fig. 3). Each nanopipette was filled
with an electrolyte solution containing the redox species of interest
and equipped with a silver wire coated with AgCl, serving as a quasi-
reference or counter electrode.

Scanning electrochemical cell microscopy experiments were per-
formed using a Park NX10 SICM module. The nanopipette was posi-
tioned above the sample using an optical microscope and approached
thesurface at100 nm s until meniscus contact was detected by a cur-
rent increase above 3 pA. During approach, a-0.5V bias was applied
to facilitate diffusion-limited reactions. Cyclic voltammograms were
recorded at multiplelocations by sweeping the potential at 100 mV s™
between -0.6 V and O V, with the half-wave potential, £, ,, defined as
the potential at whichi=i./2, where . represents the diffusion-limited
current plateau. [Ru(NH,),>**1was chosen as the redox couple because
it has well-characterized, reversible, outer-sphere ET with no detect-
able adsorption ongraphite electrodes, as confirmed by in situ Raman
spectroscopy™?. This ensures that the measured kinetics are sensitive
totheelectronic properties of the electrode while avoiding complica-
tions from surface-specific reactions.

Measurements were conducted on multiple independently fabri-
cated devices, each featuring a distinct hBN thickness and comprising
regions of evaporated gold as well as MLG with and without RuCls.
Notably, the thickness data for 0- and 3-nm-thick hBN were measured
on the same device, as were the data for 77- and 93-nm-thick hBN. For
devices without hBN, RuCl; and WSe, are sensitive to air exposure, so
the entire MLG was used to encapsulate them and, consequently, no
isolated MLG regions were available.

For each device, we recorded 1-2 voltammetric cycles at multiple
spatially separated positions to ensure reproducibility and capture
local variability. Voltammetric data from each MLG position, includ-
ing multiple cycles, were binned and individually fitted to COMSOL
simulations to extract k° values. The gold regions served as an inter-
nal reference, with their data fitted using a reversible rate constant
of 0.5 cm s to account for any variations E°. This yielded multiple k°
values per device. The values plotted in Fig. 1d represent averages across
these measurements, with error barsindicating the standard deviation.
All extracted k° values are provided in Extended Data Table 1. We find
thatthe enhancementsin k° observed here far exceed those predicted
by MHC theory, consistent with other studies that have reported similar
limitations of the MHC framework!8 2044746,

Although our devices were measured on the same day as fabrication,
a4-5hintervalwasrequired for device assembly—including stacking,
making electrical contacts, and transfer to the SECCM measurement
substrate—which may have contributed to the slower observed rates
thanreportedinliterature. Inthis context, having MLG regions without
RuCl;-WSe, on the same device provides a robust baseline to reliably
study the relative enhancementin ETkineticsinduced by these dopants.

Past contact angle studies ongraphene report modest changes (from
105° to 90°) over several minutes*, which is significantly longer than
our measurement timescale (<10 s). Molecular dynamics simulations
show thatincreasing surface charge reduces wettability*®, suggesting
that electrowetting effects should be even weaker in doped graphene.
Electrowetting experiments on highly oriented pyrolytic graphite in
0.1 MKF over apotential window of 0 to -2.0 Vversus Ag/AgClrevealed
negligible effects*, consistent with our experimental conditions (0.1
MKCI, 0 to -0.7 V versus Ag/AgCl). Our cyclic voltammetry signals
remained stable, and microscopy before and after testing confirmed



no detectable morphological changes. These observations indicate
that electrowetting does not significantly affect our measurements.

Finite-element simulations
Finite-element simulations of steady-state cyclic voltammograms were
performed using COMSOL Multiphysics (v.5.6)*°, following a similar
approach outlined in previous works'*. The nanopipette geometry was
modelled in a 2D axisymmetric configuration (Extended Data Fig. 2),
with droplet radii assumed equal to the pipette aperture, consistent
with past studies™?*', The pipette radius, a,, and taper angle, 6, were
determined from TEM images (Extended DataFig. 3). A survey of multi-
ple nanopipettes prepared underidentical conditions revealed that the
taper angles are highly consistent (14.1+ 0. 3°), whereas the aperture
sizes have amodest distribution ranging from 600 to 800 nm.

Mass transport of redox species was modelled using the ‘Transport of
diluted species’and ‘Electrostatics’modules, solving the steady-state
Nernst-Planck equation:
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where rand z represent the coordinates parallel and normal to the
sample surface, respectively; Fis the Faraday constant; and r,and [
denote the widthand height of the simulation space, respectively. The
height /=30 m was set to exceed the nanopipette aperture, ensuring
boundary effects were negligible. The meniscus was modelled as a
cylindricaldroplet (height, h), consistent with the hydrophobicinter-
action of water on graphite (contact angle 90°)**?, The electroactive
radius, a, is set equal to the nanopipette radius a,, in agreement with
previous studies™?. The variables ¢, z;and D, represent the concentra-
tion, charge number and diffusion coefficient, respectively, of either
the oxidized (c,) or the reduced (cg) form. The electric potential ¢ in
solution is determined by solving the Poisson equation:
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where e=80isthe dielectric constant of the solvent (water), and &,is the
vacuum permittivity. Thetermsc;and z;in equation (2) include theions
ofthe supportingelectrolyte (0.1 MKCI) inaddition to the redox-active
species c,and c;. Therate of the heterogeneous electron-transfer reac-
tion is governed by the Butler-Volmer equations:

r
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where k° is the standard rate constant, « is the transfer coefficient, £,
isthestandard potential and V,,, is the applied electrochemical poten-
tial. For the simulation of Ru(NH,)3*/>*, only the oxidized form (c,) is
initially present in the solution. The flux is considered zero except at
the contact surface. The general boundary conditions are given as

follows:

co=¢3, cg=Ccg=0; O<r=<r, z=1(bulk) (5)

oc; _ . .
an—O, 0<z<h, r=ag; ©6)

h<z<l, r=a+(z-h)tan(g),) (no flux)

Jo =L =kiedCo—koxCrp  0<r<a, z=0(sample surface)  (7)

where J, and J; represent the inward flux of the oxidized and reduced
forms, respectively, and ¢4 and ¢t are the bulk concentrations. The %
termis the normal derivative of the concentration. The potential droﬁ
across the Helmholtz layer is implemented by defining the surface
charge density, g, at the sample surface:

0=7(Vd'_¢)£'*80; O<r<a, z=0 (8)
dy

where ,,=6 and d,;= 0.5 nm are the dielectric constant and thickness
ofthe Helmholtz layer, respectively, yielding the double-layer capaci-
tance C4 =10 pF cm™; V,,is the corresponding double-layer potential
relative to the charge neutrality point. The steady-state current was
calculated by integrating the total flux of the reactants (/,) normal to
the sample surface:

as
i=2nF [ Jor dr )

Thediffusion coefficients D, and D, for the Ru(NH,)>** couple were
sett08.43x10°cm?s'and1.19 x107° cm?s™, respectively; = 0.5 was
used for all simulations, consistent with previous studies on graphene
thin films'?, Our observed rates for doped MLG are <0.02 cm s}, and
for graphite approximately 0.03 cm s, indicating that ET remains
primarily kinetically controlled within the experimental window. E,
was determined from electrochemically reversible voltammograms
obtained on gold electrodes immediately before the experiments on
graphene.

Toextract the standard rate constant k° from experimental voltam-
mograms, we performed finite-element simulations across arange of k°
values and computed residuals between simulated and experimental
dataviasigmoidalfitting. For each simulation, the coefficient of deter-
mination (R?) was calculated using least-squares minimization, with
the optimal k° corresponding to the maximum R? (minimal residuals).
This protocolisillustrated in Extended DataFig. 4, where R? values for
simulated rates are plotted alongside representative voltammograms.

Quantum capacitance

Quantum capacitance (C,) is a material-specific capacitance that
arises fromthe DOS at the E;inlow-dimensional materials such as gra-
phene'**2. When an electric potential (V,,,) is applied across a solid-
solutioninterface, anelectric doublelayer (EDL) forms at the surface to
screen the excess charge®*. In low-dimensional systems such as MLG,
this EDL functions not only as a charge screening layer but also as an
electrostatic ‘gate’, shifting the Fermi level and dynamically altering
the material’s carrier concentration through electron or hole doping.
Inthe case of MLG, applying V,,, resultsin two potential contributions:
V,, whichis the potential change due to C,, and represents the shift in
the chemical potential; and V,, the potential drop across the double
layer itself. These two components are related by:

Vapp=Vaq+ Vai

(10)

The EDL capacitance, Cy, inanaqueoussolution, is estimated around
10 pF cm™, assuming a compact layer capacitance with little depend-
enceonionicstrength®. The diffuse-layer capacitanceis >100 pF cm™
in 0.1 MKClsolution®*and can be neglected. The total capacitance C,,
combines C,and Cy in series:

=t (1)

Calculating quantum capacitance for MLG. Quantum capacitanceis
fundamentally connected to the DOS at the Fermi level, which depends
on the material’s band structure. For MLG, the quantum capacitance
C,canbeexpressed as:
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whereeisthe elementary charge, and :T'/l represents therate of change
q

incarrier concentration nwithrespectto V. Under the two-dimensional
free-electron gas model, considering graphene’s linear DOS near the
Dirac point®, this relation simplifies to

2e%k,T eV,
C="35In2 1+cosh[ Ch] ,
Ay, kT
where histhe reduced Planck constant, k; is the Boltzmann constant,
v =¢/300 is the Fermi velocity of Dirac electrons and V,,, = E;/eis the
graphene potential. At the Dirac point, where carrier concentration

nis minimal, C,approaches zero. At T=300 K, the channel potential
canbe written as:
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Assuming constant charge, the relationship between C,and Cy is

G v,
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Substituting C;=0.1F m2gives
V=10 C,V,. (16)

Thisleads to the relation between V, and the applied potential V,,,:

Vapp=(1+10 CY V. 17)
Finally, substituting equation (13) into equation (17) yields
v, 2e%;T V,
9 -1+10x eszln21+cosheCh . (18)
Vapp nh 149 kBT
This expression provides V,/V,,, as a function of V,,,, from which

Va(Vapp) is extracted for different values of pand incorporated into our
COMSOL simulations to systematically account for quantum capaci-
tance effects. Extended DataFig. 5shows theratio V,/V,,,asafunction
of applied potential at 300 K. The inset presents the corresponding C,
asafunction of V,,.
Raman spectroscopy measurements

Sample preparation. The heterostructures used in this study were
prepared using a dry transfer method in an argon-filled glovebox.
A polymeric stamp consisting of poly(bisphenol-A carbonate) on PDMS
was used to pickup athinlayer of hBN, thickness <5 nm, which was then
used to pick MLG and another hBN flake comprising steps of multiple
thickness, ensuring that the multilayer hBN fully covered the MLG.
The entire stamp was then placed onto freshly exfoliated RuCl; on a
Si/Si0, substrate (90-nm-thick SiO,), and the PDMS was gently lifted
at160 °C, leaving behind the poly(bisphenol-A carbonate). The result-
ing structure consisted of Si/SiO,-RuCl;-multilayer hBN-MLG-thin
hBN-PC. The thin hBN layer—large enough to cover the entire hetero-
structure—served as a cappinglayer to protect the stack fromsolvents.
The poly(bisphenol-A carbonate) was then dissolved in chloroform
for 15 min, leaving the heterostructure device ready for Raman meas-
urements. Notably, doping is localized to the graphene in contact
with a-RuCl,, forming an atomically sharp lateral junction®**, During
fabrication, defects such as gas bubbles trapped between layers or
non-uniformstrain distributions may modulate the coupling between
thelayerslocally. This coupling controls charge transfer between gra-
pheneand a-RuCl,, asseenin the distance dependence introduced by
hBN spacers. Itis therefore crucial to freshly exfoliate RuCl, just before
stackingto avoid contamination, which could decouple the layers.

Spectra acquisition and analysis. Confocal Raman spectrawere col-
lected using aHoriba Multiline LabRam Evolution systemwitha 532 nm
laser and 0.4-3 mW power, using either a 600- or 1,800-grooves-per-
millimitre grating. Spectra were typically recorded with acquisition
times of 5-10 s and 3-5 accumulations. The G peak position in the
Ramanspectracan belinearly correlated with the dopinglevelsin gra-
phene, particularly when modulated by the electric field effect®**. In
the MLG-RuCl, device, the G peak is blue-shifted by more than 25 cm™
relative to the region without RuCl;, indicating doping of approxi-
mately 2.5 x 10" holes per cm?, consistent with previous studies**.
Such studies have shown that the G and 2D peak shifts in graphene vary
with dopinginduced by the electric field effect®®*, and the G peak shift
hasa quasi-linear dependence on doping. Averaging the slopes of the
G peak shift versus carrier density across these studies yields a value
of approximately 9 x 10" cm™ carriers per wavenumber shift in the
G peak position. Voigt profiles are used to fit the peaks, accounting for
the Lorentzian nature of the phonons and the Gaussian instrumental
resolution®>*., A constant background is subtracted from each spec-
trum before fitting the peaks. The 2D peak position provides a sensitive
probe of strainand morphological changes. Extended Data Fig. 6 shows
negligible shifts in the 2D peak for MLG with and without hBN/RuCl,,
across varying hBN thicknesses, thereby confirming the absence of
significant geometric alteration.

First-principles modelling of doping in MLG/hBN/RuCl, hetero-
structures. The MLG/hBN/RuCl, heterostructure was modelled as a
parallel-plate capacitor following Bokdam et al.*?, with the Fermilevel
shift given by:
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Here, a= ;—2 =34.93 eV A (where A = 5.18 A% is the area of the
graphene unit cell, and &, is vacuum permittivity), D, = 0.102 V2 per
unit cell (slope of MLG DOS), d is the dielectric spacer thickness, k is
relative permittivity and £, is the external electric field. E, accounts
for any built-in electric field or doping potential.

Experimental validation of defect-mediated doping. To resolve
theanomalous dopinginthin hBN heterostructures (<20 nm), we fab-
ricated devices with alternating hBN-supported (MLG/hBN/RuCl,)
and suspended MLG regions using approximately 4-nm-thick hBN,
asshownin Extended Data Fig. 7 (MLG/air/RuCl;). Doping levels were
calculated using equation (19) and measured via Raman G-peak shifts
(Extended Data Table 2).

The suspended region shows good agreement between theory and
experiment. In contrast, the hBN-supported region has 21% higher
doping than predicted. This discrepancy, along with the thickness-
dependent deviations shown in Fig. 2e, suggests that defect states in
hBN do contribute further charge transfer beyond classical capacitive
coupling.

Liquid-activated fluorescence measurements

The sample was mounted on a Nikon Ti-Einverted fluorescence micro-
scope equipped with a100x% oil-immersion objective lens (CFI Plan
Apochromat 1100x%, NA =1.45). Intensities in Fig. 3c were captured
under 561 nmlaser excitation (OBIS 561LS, Coherent, 165 mW) withan
exposure time of 6 ms. Emission was collected after aband-pass filter
(ET605/70m, Chroma).

Nanofabrication of Hall measurement devices

All device fabrication was performed in the Marvell Nanofabrication
Laboratory. Electron beam lithography (CRESTEC CABL-UH system),
withan A6 950 poly(methyl methacrylate) resist, was used to define the



electrode and contactregions. Reactiveion etching (SEMIRIE system)
exposed the graphene edgesin the hBN-graphene-RuCl; heterostruc-
ture through a sequence of plasma treatments: 15 s of O, plasma to
remove surface residues; 40 s of SF,/O, plasmato etch through hBN and
reveal the graphene; and a final 15 s of O, plasma to eliminate etching
by-products. Immediately following etching, Cr/Au (20/120 nm) was
deposited by thermal evaporation (NRC Evaporator) atrates of 0.5 A s™
forCrand2-4 A s'for Auto formelectrical contacts and bonding pads.
After lift-off, a second electron beam lithography step defined an etch
mask for shaping the heterostructure into a Hall bar geometry, mini-
mizinglongitudinal and transverse resistance mixing. The poly(methyl
methacrylate) mask was retained after fabrication to protect RuCl; from
environmental degradation. Device integrity was verified by measur-
ing resistance between electrical contacts using a lock-in amplifier
(Stanford Research SR830) ona probe station. Functional devices were
wire bonded (TPT HBOS5) to 16-pin ceramic dual inline packages for
subsequent measurements in a Quantum Design PPMS.

Theoretical preliminaries

The [Ru(NH,)]*** redox couple is known to undergo ET through an
outer-sphere mechanism, where the thermal fluctuations oflong-ranged
electrostatic interactions with the environment play a central role in
mediating the dynamics®®. In the weak-coupling (non-adiabatic) regime,
the rate of interfacial reduction is well-described by the golden-rule
expression®¥,

Keea(Ep) = %l Vi I: D(E)f, (EXS(AE~ )y dE (20)
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Where Vis the electronic coupling between the two redox states
(assumed to be small); D(E) is the electrode’s DOS; j; (E)isthe Fermi-
Dirac distribution, centred at the electrode’s Fermi Ievel Eg;
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andp; (°X)(AE) isthe equilibrium probability distribution of the vertical
energy gap between the two charge transfer states, evaluated in the
oxidized state. Under an assumption of linear dielectric response, the
rateisappropriately computed with Marcus theory, where the energy
gap obeys Gaussian statistics and the free energy surfaces of ET are
parabolic®’,
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Anassumption of chemical equilibriumis made, such that the inter-
section of the Marcus curvesis aligned with the electrode’s Fermi level®s,
Thereorganization energy, A—acritical determinant of the activation
free energy—quantifies the reversible work required to deform the
equilibrium solvation environment of a redox species into that of its
counterpart without ET. Equivalently, A represents the energy dissi-
pated duringavertical transition, reflecting the solvent and electrode
polarization response to instantaneous charge redistribution.

The effect of electrode metallicity on the reorganization energy. In
outer sphere redox reactions, the electrostatic potential at the interface
is criticalin determining the ET rate®®°. As the Fermilevelis shifted, the
change in DOS renormalizes the material’s electrostatic interactions,
reflecting variationsin the material’s dielectric response function due
to an altered number of charge carriers that can respond to external
fields. Insightinto this effect can be gained through simple models of
electronicscreening such as TF theory®®? parametrized by a screening

length, ¢, which sets the scale of exponential decay of electrostatic
interactionsinthe material, and interpolates between a perfect metal
(¢ =0) and an insulating material (¢1; > «). The screening length is
closely related to a material’s low-energy electronic structure. In two
dimensions, and for k;T< < E;, whichis typically the case for the energy
scale of valence electrons, ;¢ is®
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where nisthe charge density of the material. Marcus derived dielectric
continuum estimates of the reorganization energy for charge transfer
with a perfect conductor ¢ =0 (ref. 7),
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where 6¢ is the amount of transferred charge, " and 5" are the
electrolyte’s optical and static dielectric constants respectively, z, is
the separation from the electrochemical interface, and A is the bulk
contributionto the reorganization energy, which dominates when far
away from the interface. The (1/e5°V - 1/e*°") term, known as the Pekar
factor®, is a measure of the free energy difference between a charge
exclusively solvated by the medium’s fast (electronic) degrees of free-
dom, and that of a charge fully stabilized by the polarization field’s
nuclear and electronic degrees of freedom.

The electrostatic potential at dielectric discontinuities can be
obtained by solving Poisson’s equation with appropriate boundary
conditions at the interface. If the two media that make up the inter-
face are complex materials with some degree of unbound charge, the
dielectric constant is replaced by a dielectric response function e(r),
and the non-local Poisson equation reads,

V- [ dre,-r)vew)=-p,m (26)
where a labels the medium, and p,(r) is the charge density in medium
a. The boundary conditions to be satisfied are the continuity of the
potential and the electric displacement field across the interface. For
apoint charge near a perfect conductor, the potential energy due to
the conductor’s polarization in response to the external field can be
mapped totheinteractionbetweenthereal charge and an opposite-sign
‘image’ charge placed symmetrically inside the metal. The electrode
contribution to the reorganization energy in equation (25) directly
corresponds to the electrostatic interaction of a point charge 6q
with its image, weighted by the Pekar factor. It provides reasonable
estimates of the reorganization energy at electrodes that approach
the behaviour of anideal conductor, but becomes inaccurate away
from this limit. We have recently developed a formalism*—building
on previous developments® “—that describes how the solvent reor-
ganization energy changes as a function of the electrode’s metallicity
inthe context of TF theory. If we consider the electrostatic boundary-
value problem of a charge g embedded in a dielectric in contact with
amaterial with finite TF screening, Poisson’s equation can be solved
making use of Fourier-Bessel transforms®*¢, The end result is an
expression that encodes the interaction of the point charge g with
theinduced charge density in the electrode, as well as the self energy
oftheinduced charge density. Although the Fourier-Bessel transform
ofthe potential cannot be analytically inverted, ananalogy can be made
to the method of images to write the electrostatic potential energy
of this system as the effective interaction of g with a modified image
chargeat-z,,

|
q%6, (20,€)

4e (5"1)20 @)

U(Z()r bp =
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where we have defined the image charge scaling function, §, (z, ey,
which informs on the value (with respect to g) of this fictitious image
charge asafunction of screening length £, and the dielectric constants
of both media. It smoothly interpolates between the electrostatics at
theboundary of anideal conductor, and aninsulator. We see that, ata
fixed z,, the TF screening length in the electrode takes the image charge
from —q to £.(z,, €°°")q. The screening-dependent image potential
results in amodified reorganization energy,

50* € @0 €5 & (20.€")

Alp) = + (28)

EDS,SOI) e(sol)

The term in parenthesis in equation (28) can be identified as a gen-
eralization of the Pekar factor, extended to describe the modulation
of image interactions at the surface of a TF electrode.

Image interactions in hole-doped MLG. The low-energy band struc-
ture of graphene can be described analytically, obeying the well-known
linear dispersion relation characteristic of massless Dirac fermions®s.
Thisinturnresultsinalinear electronic DOS,

2
D(E) = ——|E|
el (29)

where v; =10° ms™is the Fermi velocity, and the electronic energy E is
measured fromthe Dirac point. Under alow-temperature approxima-
tion, graphene’s charge density is®,

E, 2

p(E) =sgn(Ep)— 35—

30
Th v 30)

leading to an explicit relationship between £;; and the Fermi level™,

e(el)hZUFZ

. (31)
432|EF|

G(Ep) =

The separation of the redoxion fromthe electrode, z,, must be cho-
senjudiciously. Given the outer-sphere nature of the reaction, it must
account for thestructure of the interface, including an adlayer of water
molecules on the surface of the electrode that are tightly bound and
held together by a hydrogen-bonding network”™”?, as well as the inner
coordination environment and the outer solvation shell of the redox
species. On the other hand, as the diabatic coupling term typically
decays exponentially with separation V= Ve 20/l , the rate will be
dominated by the distance of closest approachto the electrode, soan
estimated lower bound of the separation should always be chosen.
Adistance of z,= 6 A was set on the basis of these considerations.

With anunderstanding of how the reorganization energy is modified
inresponse to doping, the rate of electro-reduction may be estimated
as:

_(E-Ep-AEp)?
|E|e ~ #kpTAGEr)
1+ eEE/kgT 5

21V

NN AT

In keeping with the non-adiabatic limit that makes this treatment
valid, we assume that the electronic coupling |V| remains small regard-
less of the degree of doping. In fact, we take this factor to be roughly
constant such thatitapproximately cancels when taking the ratio with
respecttosomereference, forinstance the CNP, k(E;)/kcnp- This allows
us to assess the behaviour of the rate as a function of doping without
direct knowledge of |V|.

As noted earlier, A arises from solvation energy changes during
instantaneous charge transfer between redox species and the electrode.

(32)

kred(EF) =

These changes are stabilized exclusively by fast solvent polarization
modes, quantified by the optical dielectric constante.**". Inwater, the
staticdielectric constant vastly exceeds the optical dielectric constant,
rendering the second termin equation (28) negligible compared with
the first. Therefore, to areasonable approximation, the behaviour of
thereorganization energy will closely resemble theimage potential of
achargeinteracting with the electrode only through the optical dielec-

tric constant, close to1in water.

Adiabatic versus non-adiabatic outer-sphere ET in [Ru(NH,),]*"**
The question of whether outer-sphere ET in [Ru(NH,),]*"* proceeds
adiabatically or non-adiabatically remains an area of active debate in
electrochemistry. We assume that interfacial ET for [Ru(NH,)]>*** falls
withinthe non-adiabatic regime, which contrasts previous work by Liu
and co-workers”, who proposed adiabatic ET for this redox couple at
graphene electrodes. Several observations support our assumption.

First, we find that the rate is highly sensitive to electronic properties
oftheelectrode, which s a distinctive characteristic of non-adiabatic
ET. Furthermore, there is contrasting experimental evidence to that
presented with regard to the adiabaticity of outer sphere ET in the
[Ru(NH,)(]*"”** redox couple at graphene electrodes”. The alluded
work posits adiabatic ET on the basis of the assumption that increasing
graphene layers equates to increasing tunnelling distance. However,
this perspective may neglect the role of graphene’s intrinsic electronic
states, which actively participate in ET, making the simplified tunnelling
argumentinadequate, as we have illustrated in this work. Conversely,
studiesusing hBN as atrueinert spacer ongraphite electrodesindeed
demonstrate an exponential decrease in ET rates with increasing spacer
thickness, consistent with non-adiabatic tunnelling processes™”. The
pronounced dependence of ET kinetics onthe electrode’s DOS observed
hereand in paststudies further supports thisinterpretation'*?, Finally,
ET for the [Ru(NH,),]**** system has been reported to occur near the
outer Helmholtz plane, where the redox species is separated from the
electrode surface by astructured solvent layer. Experimental evidence,
including negative activation volumes, indicates ET through solvated
speciesrather thandirect electrode contact, implying weak electronic
coupling’. Furthermore, the work of Nazmutdinov and colleagues
supports our assumption””. They argue that ‘for all amine complexes
residing outside of the compact layer, ET proceeds in a diabatic limit,
which originates mostly from a strong localization of the molecular
acceptor orbitals on the central atoms’; this directly aligns with our
picture of weak electronic coupling mediated through the solvent
layer. Collectively, these observations align with our assumption of
non-adiabatic ET mediated by tunnelling through asolventbarrier. We
have performed further calculations to clarify this question further,
and our results are presented below.

A clear way to distinguish between adiabatic and non-adiabatic ET
is by evaluating the rate dependence on the electronic coupling, V,
between the two ET states. Arate that follows Fermi’s golden rule (and is
therefore non-adiabatic) willincrease with the coupling as | V|, whereas
an adiabatic rate is expected to be weakly dependent on coupling up
until | V] is large enough to induce barrier-lowering effects. Although
wedon’t have direct knowledge of the exact value of Vin our system, we
can make inferences by computing both non-adiabatic and adiabatic
rates at different couplings, and evaluating which theory is in best
agreement with experimental data.

The model that we use for adiabatic ET differs slightly from the
impurity model in Schmickler’s formulation of the problem’, which
isthe treatmentadopted by Liuand colleagues™. We adopt analterna-
tive, simpler model because we find it more amenable for a dielectric
continuum description of the reorganization energy, and it allows
us to implement the specific form of the DOS of MLG more easily®. In
particular, we start with a2 x 2 Hamiltonian describing the ET process
between a discrete molecular state in the electrolyte and a specific
electronic state kin the electrode:



(33)

H (@ V,
Hk(q)=[ L\d i3 ]

Vi Hy(q)

where q denotes nuclear coordinates. Going forward, we will assume

a‘wide band approximation’, meaning,

Vi, =V=const v k (34)

The classical non-adiabatic rate can be derived from this model

by invoking Fermi’s golden rule and linear response, resulting in the
Marcus expression:

VP _L(A+Ae-¢g)?
ko€ =5 [l e"p[ a

Theelectrochemical rateis then given by averaging over electronic
statesin the electrode giving the well-known result:

(35)

kpfj D(e)(1-f(€)) ks (€)de (36)

With electrode DOS D(¢), and Fermi-Dirac distribution, f(¢). An
adiabaticrate canalso be derived from the same model Hamiltonian
in equation (33). We start by diagonalizing the 2 x 2 Hamiltonian,
leading to an adiabatic Hamiltonian:

Ha @) =5 (Hy (@) + o (@) = [y (@)~ o (@) + 41V (37)

The adiabatic free energy surface associated with this Hamiltonian
canbe constructed fromimportance samplingin a molecular simula-
tion. Alternatively, we can make the following simplifying assumption:
withinthelinear response regime, we expect the adiabatic free energy
surface to be given by a simple mixture of the corresponding diabatic
(Marcus) free energy surfaces:

Fo 1(AE) = %(Fl,k(AE) +Fy (AE)) - %\/AE2+ 4|vP (38)

where AE=H, ,— H,,=F,,— F,is the vertical energy gap between the
diabaticstates, recognized in Marcus theory as the reaction coordinate,
and F, have the usual parabolic form:

(AE+A+Ae—¢p)?
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F, ((AE) = +Ae—¢;

Equation (38) describes a bistable free energy surface, depicted in
Extended DataFig. 8, withshape defined by the reorganization energy,
driving force and electronic coupling. The rate of transition between
these meta-stable wells can be calculated using standard approaches

such as transition state theory or Kramers’ theory. The Kramers’ esti-
mate for the rate is:

MW@, _gart
ible) = Sy, e (41)

where yis the solvent friction and:
(42)

(43)

AFy=F(AE) - F((AE)

(44)

AE, is thelocation of the reactant minimum, and AE* is the location of
thebarrier. The dependence on the mass m cancels out wheninserting
equations (42) and (43) into equation (41), and the dependence on the
solvent friction cancels when evaluating ratios of rates. All of these
quantities depend on reorganization energy, driving and coupling.
The net adiabatic rate can finally be estimated by summing over all
thermally accessible reactive channelsin the electrode:

K52, V) = [ DOA-fe)kie:A, V)de (45)

o [ D= Dot e, Ve P e s

Note that every value of einthe integrand defines a different F,4, with
different stationary points and frequencies that need to be calculated
atevery point when evaluating the integral through quadrature.

Weapplied thismodel of adiabatic ET to calculate ratesin doped MLG.
Calculations using equation (45) were performed using both our model
forascreening-dependent reorganization energy and a constant value
of reorganization energy, and then compared with the corresponding
non-adiabatic rate. The results can be found in Extended Data Fig. 9.
As expected, the adiabatic rate approaches the non-adiabatic limit as
|[V]~> 0, and the rate behaviour is even quite similar for a coupling of
5 k;T. As the coupling increases to larger values, we begin to see that
the rate enhancement is less pronounced and deviates significantly
from experimental measurements. We also note that accounting for
doping-dependent reorganization energy inthe adiabatic ratesis also
crucialtoimprove agreement with the experimental rate enhancement,
as we see in the non-adiabatic calculation.

Insummary, these results strongly indicate that the couplingin our
systemis small enough to warrantanon-adiabatic treatment, and adi-
abatic rates with stronger coupling cannot explain our experimental
results. These calculations, in conjunction with the aforementioned
arguments in support of non-adiabaticity, allow us to confidently
assume non-adiabatic behaviour.
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Extended DataFig.1|Optical and AFM characterization of exfoliated
grapheneand hBN. (a) Optical image of agraphene flake comprising of
monolayer, bilayer and trilayer graphene exfoliated on SiO,/Si chips (SiO,
thickness 285 nm). (b) Optical contrast (O.C.) line plot of red, green and blue
channelintensities of panela (along green arrow). (c,d) AFM line plot (along red
arrow) of amulti-layer hBN exfoliated on SiO,/Si chips (SiO, thickness 285 nm).
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Extended DataFig.2|Model geometry for the COMSOL simulation. Geometry
ofthe simulation space and an example of mesh used for simulations (inset).
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Extended DataFig.3 | TEMbright fieldimages of quartz pipettes. Top: Survey of nanopipette geometries showing the taper angle and the orifice diameter
distribution. Bottom: Representative TEM images of quartz pipettes used in SECCM.
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Extended DataFig.4 |Representative experimental and simulated simulations assuming a potential-dependent C, (black dashed line) and constant
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Extended DataFig.7|Spatial mapping and spectroscopic analysis of hBN-
mediated dopingingraphene heterostructures. (Left) Optical micrograph
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Extended DataFig. 8| Adiabatic free energy projected along the energy gap coordinate. Left: Varying A, Middle: Varying V, Right: Varying Ae.



80 = Nonadiabatic, A(u)
=== Ametal
= Kramers, BV =0, A(u)
60’ m— Kramers, BV =5, A(u)
Kramers, BV =10, A(u) o
o Experiment b4
z O4nl
XU ~ 10
=) =3 Smag
- E’ =y
X Sag
J =
20 Sa
-----______--_ 0
01 - 10 Tra
-04 -03 -02 -01 0.0 -04 -03 -02 -01 0.0
uleV uleV
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Extended Data Table 1| k° (cm/s) as a function of hBN thickness for MLG regions with and without RuCl,/WSe,

hBN thickness

(#cycles) K (MLG/RuCl, or *WSe,) K (MLG)
0(1) 0.015, 0.016, 0.020 n/a
3(1) 0.012, 0.01, 0.015, 0.012, 0.008 n/a
10(2) 0.009, 0.009, 0.01, 0.015 0.0003, 0.0005, 0.0002
29(2) 0.0022, 0.0023, 0.0023, 0.003 0.00022, 0.00026, 0.00025
50(2) 0.002, 0.004, 0.004, 0.003, 0.001  0.0005, 0.0002, 0.0005, 0.0005
77(2) 0.0004, 0.0004, 0.0003, 0.0003 0.00020, 0.00020, 0.00025, 0.00025
93(2) 0.00020, 0.00020, 0.00025, 0.00020, 0.00020, 0.00025

0.00030, 0.00030

0%(1) 0.007, 0.006, 0.007, 0.007, 0.010  n/a
16*(2) 0.0001, 0.0002, 0.0002, 0.0002, 0.00015, 0.00020, 0.00015

0.0002, 0.0002




Extended Data Table 2 | Comparison of calculated and experimental E; shifts in eV for d=3.89nm

Configuration Calculated Experimental

Suspended -0.173 £ 0.016 -0.164
hBN-supported —-0.250 £ 0.021 -0.303
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