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ABSTRACT

Marcus-Hush theory of electron transfer is one of the pillars of modern electrochemistry
with a large body of supporting experimental evidence presented to date. However, some
predictions, such as the electrochemical behavior at microdisk electrodes, remain unverified.
Herein, we present a study of electron tunneling across a hexagonal boron nitride barrier between
a graphite electrode and redox levels in a liquid solution. This was achieved by the fabrication of
microdisk electrodes with a typical diameter of 5 pm. Analysis of voltammetric measurements,
using two common redox mediators, yielded several electrochemical parameters, including the
electron transfer rate constant, limiting current, and transfer coefficient. They show a significant
departure from the Butler-Volmer behavior in a clear manifestation of the Marcus-Hush theory of
electron transfer. In addition, our system provides a novel experimental platform, which could be
applied to address a number of scientific problems such as identification of reaction mechanisms,

surface modification, or long-range electron transfer.



INTRODUCTION

Marcus-Hush theory has long been recognized as the most successful attempt at developing
a comprehensive model of electron transfer kinetics.' It describes the electron transfer between
reactants and products as a temperature-activated process governed by nuclear vibrations, energy
reorganization, and electronic coupling. Several experimental confirmations of this theory have
emerged since its inception in the 1950s, notably the observation of the so-called inverted region
for intramolecular electron transfer’ and flattening of the exponential dependence of the rate
constant on potential for electrode reactions.* However, some intriguing predictions from the
Marcus-Hush theory exist, which have not yet been observed experimentally. This includes the
voltammetric behavior at inlaid microdisk electrodes, put forth by Feldberg, who predicted
peculiar deviations of the steady-state voltammograms from the commonly-used Butler-Volmer
model of electrochemical kinetics.’

Hexagonal boron nitride (hBN) is arranged into two-dimensional (2D) layers, in which
boron and nitrogen atoms are covalently bound in an alternating hexagonal pattern, similar to
graphene. These layers are held together by van der Waals (vdW) forces in bulk hBN. The lattice
mismatch between hBN and graphene is only 1.5%,”” their bulk interlayer spacing is nearly
identical (3.3-3.4 A),”® and its polar nature renders hBN insulating, with a wide band gap of ~6
eV.”!% These characteristics lead to an increased carrier mobility in graphene supported or
encapsulated by hBN, owing to the atomic flatness, lack of dangling bonds, and suppression of

charge doping at the graphene/hBN interface.'' ™"

It transpires from the present work that hBN is
a suitable medium to study long-range electron tunneling, which leads to the observation of the

Marcus-Hush behavior.



The quantum tunneling effect is a direct consequence of the Heisenberg uncertainty
principle and is most pronounced for light particles, such as electrons, whose de Broglie
wavelength is comparable to the tunneling distance.'* Initially discovered for trapped electrons,
long-range electron tunneling gradually defined many diverse research fields including scanning
tunneling microscopy, molecular electronics, and DNA sequencing.'®"!” A significant body of the
electrochemical tunneling studies have involved the following two approaches of modifying
conducting electrodes: self-assembled monolayers of redox species tethered to an insulating alkyl
chain, or insulating polymer films with a redox mediator in solution.'® hBN provides an inorganic
alternative with a precise control of the tunneling distance, especially within the subnanometer
regime, unattainable even for the state-of-the-art tunneling layers of Al,O3; grown by atomic layer
deposition at thicknesses of ~1 nm."” Additionally, the high crystallinity of hBN and short barrier
length ensure scattering-free ballistic electron tunneling and therefore no ohmic heating within the
dielectric.'” It is therefore not surprising that hBN has been utilized as a tunneling barrier in solid
state devices. This has included hBN being sandwiched between two metals, two

20-24 Most of these studies found that the

graphene/graphite layers, and a metal and graphene.
tunneling current increases exponentially with the applied voltage and decays exponentially with
the hBN thickness to negligible levels for ~6-layer hBN. Both experiments and theory suggest that
hBN is not simply a passive insulating barrier but rather that it affects the tunneling through carrier
interactions with phonons, defects, and dopants.23 25

Herein, we employ atomically-flat hBN as a tunneling barrier to an electrochemical
reaction between a redox mediator in a liquid solution and a graphite electrode (Figure 1). We

make use of electron-beam (e-beam) lithography to fabricate inlaid disk ultramicroelectrodes and

employ a modified microdroplet electrochemical cell technique, described elsewhere.”® The use of



a high-quality, crystalline 2D insulator has some advantages over the two traditional tunneling
approaches described above, owing to the chemically inertness of hBN, the lack of dangling bonds
on its basal plane surface, and a microscopic size of the tunneling area. These characteristics lead
to an atomically-flat electrode surface, well-defined control of the tunneling distance via the
number of hBN layers (%), significant reduction in the occurrence of pinholes and defects, and
‘simplicity’ of an inorganic tunneling barrier, contrasting with the complexity of organic barriers,
which possess discrete molecular energy levels and specific chemical interactions. The steady-
state voltammograms of [IrCls]>~ oxidation and [Ru(NH3)s]’" reduction in this system exhibit the
expected exponential dependence of the electron transfer rate on the tunneling distance for
monolayer (1L) and bilayer (2L) hBN. However, significant deviations in the measured
electrochemical parameters are observed for thicker hBN due to the manifestation of the Marcus-
Hush theory. We further rationalize the results based on the density functional theory (DFT)

calculations of the energy levels in the graphite/hBN/liquid heterostructure.



EXPERIMENTAL SECTION
Device Fabrication and Characterization

The tunneling devices were prepared by mechanical exfoliation of graphite (NGS
Naturgraphit) and hBN (hq graphene), dry stamp-transfer, and e-beam lithography (Zeiss EVO),
as described in Supporting Fig. S1. Briefly, graphite was exfoliated to ca. 10-30 nm thickness onto
a 300 nm SiO,/Si substrate. hBN was exfoliated onto poly(methyl methacrylate) PMMA substrate
and then placed on the graphite using the stamp-transfer method.”” The resulting hBN/graphite
heterostructure was spin-coated with an insulating PMMA layer (130 nm thick), in which two
identical circular working electrode openings (typically 5 pm in diameter) over the basal planes of
bare graphite and hBN were created using e-beam lithography (Fig. 1a-b). Electrical contact was
made by scratch-exposing the graphite away from the openings and bonding it to a Cu wire using
Ag paint. A Nikon Eclipse LV100OND optical microscope and a DS-Fi2 U3 CCD camera (Nikon
Metrology, UK Ltd) were employed to acquire the optical images (Fig. 1c—d). The electrochemical
cell was formed by dispensing a microdroplet of a liquid solution (typically 60—100 um in
diameter) around the opening (Fig. 1e). The number of hBN layers was determined by a Bruker
Dimension 3100V atomic force microscope (AFM) in tapping mode (Fig. 1f). Raman spectra were
collected using an inVia spectrometer (Renishaw) with a 532 nm laser excitation and X-ray
photoelectron spectroscopy (XPS) was measured using a Thermo Scientific Al K-Alpha Theta

Probe.

Electrochemical Measurements
All electrochemical measurements were performed in 6 M LiCl supporting electrolyte
aqueous solution, which minimized the evaporation of the liquid. Dispensation and manipulation

of the microdroplets on the surface was controlled using a pneumatic microinjector and a



. . . 26,28
micromanipulator reported previously.™

The potential (£) was applied to the graphite electrode
using a PGSTAT302N potentiostat (Metrohm Autolab) and a scan rate of 100 mV s was used in
order to achieve a steady-state ultramicroelectrode response without thin-layer cell diffusional
effects (Supporting Fig. S2). The standard heterogeneous electron transfer rate constant (k°),
limiting current density (jiim), and transfer coefficient (a or 1—a) were determined by fitting the
voltammograms with an empirical function using equations (10), (11) and (13) in ref. %, derived
based on the Butler-Volmer model of electrochemical kinetics. The diffusion coefficients of 2.5
(2.2) x 10°° cm?® s for the oxidized (reduced) form of [Ru(NH3)6]3+/2+ and 2.4 (2.1) x 10 °cm’ s
! for the oxidized (reduced) form of [IrCls]*”*", were determined as averages from cyclic
voltammetry and chronoamperometry at a Pt disk electrode (1.1 mm radius) using the Randles-

+/2+
32 and

Sevéik and Cottrell equations, respectively.'® The formal potentials (E”) of [Ru(NH;)e]
[IrCl]* ™ reduction/oxidation were determined from cyclic voltammetry using the same
electrode. The potential, measured against an Ag/AgCl reference electrode, was converted to the
standard hydrogen electrode (SHE) scale. A large-area Pt counter electrode was used to complete

the three-electrode configuration. All measurements were carried out at ambient temperature (20—

25 °C).

DFT Calculations

Theoretical calculations were performed using the VASP code® in a plane-wave basis.
Bulk graphite was approximated with a 6L thick slab. We used a plane-wave cutoff energy of 600
eV throughout and left at least 20 A of vacuum space above the 2D sheets in order to model isolated
materials. The k-point grid was set to a I'-centered 12x12x1 Monkhorst-Pack grid. The local
density approximation was used to compute the band structures, ionization energies, and hBN band

gaps. A correction to the latter quantities was necessary as both of them are underestimated in



semi-local DFT.?' The scissor correction to the band gap and correction to the ionization energy
were obtained by recalculating these quantities in the few-layer (< 3L) limit of hBN using the
HSE06 functional.”* We found no dependence of either correction on N and therefore assume that

it can be applied to all hBN thicknesses.
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Figure 1 | Schematics and Characterization of the hBN Tunneling Devices. a—b, Side- and top-
view schematics of the tunneling device, respectively. ¢, Optical image of the
PMMA/hBN/graphite/SiO, heterostructure. d, Same as ¢ but in false color and contrast-enhanced.
e, Liquid microdroplet electrochemical cell on the same device, injected via a glass capillary
(shadow on the right). f, AFM characterization of hBN on graphite prior to the e-beam lithography

with the step-edge profile shown in the inset.



RESULTS
Anatomy of the Tunneling Device

The electron tunneling from (to) the redox mediator in the liquid phase, through hBN of
varied thickness, to (from) the graphite electrode was realized using devices depicted in Fig. la—
b. The basal planes of both graphite and hBN have planar sp” hybridization, are chemically inert,
and lack dangling bonds. Crucially, their surfaces, which face each other in the resulting
heterostructure, are not exposed to any polymer or solvent during the assembly. This ensures that
the interface between these two materials is well-defined and atomically-flat and that the tunneling
distance between the redox mediator and graphite can be controlled by the number of hBN layers.
In reality, we do observe some contaminants trapped between the hBN and graphite, which
favorably agglomerate in micro/nanoscopic pockets visible in AFM (Fig. 1f), due to the self-
cleaning process occurring at the vdW interfaces.”> Importantly, the average height of these
pockets is at least 5 nm, leading to a negligible overlap between the electron wave functions of the
redox mediator and graphite,'” which therefore only results in a mere reduction of the apparent

tunneling area.



Voltammetry of the Electron Tunneling Through hBN

The electron tunneling through hBN in the graphite/hBN/liquid heterostructure was
measured by voltammetry, i.e. a current-voltage measurement, and is summarized in Fig. 2. The
tunneling process is driven by the difference between the energy of the [IrCls]*"*  or
[Ru(NHs)s]* "% redox levels (E or EIQ;) in the liquid and the Fermi level (EF) of graphite, to
which positive or negative potentials are applied, respectively. As a result, [IrCls]>” or
[Ru(NH;)e]*" are oxidized or reduced to [IrCls]*~ or [Ru(NH;)e]*" and positive or negative currents
are recorded, respectively. Voltammograms on the bare graphite, labeled as OL in Fig. 2, were also
recorded as a control.

The voltammograms of [IrCls]’~ oxidation in Fig. 2a exhibit the steady-state sigmoidal
shape expected for disk ultramicroelectrodes, for both the bare graphite (black curve) and hBN
layers (green curves). However, rather than maintaining the limiting value of the potential-
independent plateau, the current density rises further at large positive potentials, owing to the
graphite oxidation side-reaction delimiting the potential window. All hBN voltammograms
maintain a similar shape to that of the bare graphite, but are offset to increasingly more positive
potentials upon increasing N. The red curves, fitted to the voltammograms using an empirical

function described in ref *°, allowed us to extract &°, jim, and (1—a) or a. The £° of [IrCls]>

oxidation on bare graphite (k&™) averaged over all the devices was (1.4 + 0.2) x 10> cm s/,

about one order of magnitude lower than reported previously,’® not entirely unexpected

considering the exposure of the topmost surface to PMMA during device fabrication.
Interestingly, the partial oxidation of graphite, observed at large positive potentials in

voltammograms of Fig. 2a, left the consecutive [IrCls]’” voltammograms unaffected, but had

notable implications for the subsequent [Ru(NH;)s]’" voltammetry. The [Ru(NH;)e]>" reduction

10



voltammograms shown in Fig. 2b are qualitatively similar to those of [IrCls]’~ in that they exhibit
the sigmoidal steady-state behavior and the hBN curves occur at increasingly more negative

potentials as the hBN thickness increases. However, the £° values are much higher than expected.

Specifically, the KO & of [Ru(NH;)e]*" reduction averaged over all the devices was (9.5 + 2.0) x
102 cm s, which is 34 orders of magnitude higher than reported previously,** and close to value
observed for laser-activated graphite.*” This indicates that mild oxidation introduces sp® disorder
in the graphitic lattice and leads to an increase in the density of electronic states (DOS) near the
Er of unbiased graphite (EY), which lies within 0.05 eV of Ex,.>° We recognize that such effects
render our analysis semi-quantitative, and as such, our main aim is to expose qualitative trends,
rather than to obtain absolute values of electrochemical quantities. The evolution of the

voltammetric background with N in the pure supporting electrolyte is detailed in Supporting Fig.

S3.

11



a 1.2
[IrClg]®- s
Z 10 e i
S ' L[
© 0.8 1
c
£ 06 - hBN —
3 | graphite —
b 0.4 A ; : simulation —
N |
T 02 - oy g
: S 5L
2 00 : : === pulk
z 0’ gra
Er Eip
'0.2 ! II I . T T T T T T
0.6 1.0 14 1.8 2.2 2.6
Potential vs. SHE (V)
b 0.2
[Ru(NH3)g]**
>
= 0.0 A ,
5
© -0.2 1
c
g -0.4 A
3 — hBN
- -0.6 4 — graphite
Q2 — simulation
T -0.8
£
8 1.0 i ,
ERu~Efs
'1.2 J 1 L 1 J I l 1 L] lI !
20 16 -12 -08 -04 0.0 0.4

Figure 2 | Voltammetry of Electron Tunneling Through hBN. a-b, Steady-state
voltammograms of [IrCls]>~ oxidation and [Ru(NHs)s]>" reduction, respectively, on hBN (green
curves) and bare graphite (black curves), recorded at scan rate of 100 mV s '. The current density
is normalized to the limiting current density of graphite (]'h’f; *). Bulk corresponds to 26 hBN layers

(9 nm). The curves were fitted with an empirical function (red) to obtain the electrochemical

parameters, as detailed in the

Potential vs. SHE (V)

Experimental Section.
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Dependence of the Electron Transfer Rate on Tunneling Distance

Figure 3 shows the measured rate constants as a function of the tunneling distance. It is
evident from Fig. 3a that £° of [IrCls]>” and [Ru(NH;)e]*", albeit different in absolute value, both
decay with the hBN thickness. This is in qualitative agreement with both experiments and
predictions for coherent quantum tunneling.'® The exponential dependence of the electron transfer
rate constant between an electrode and redox species (kgr, in s ') on the tunneling distance between
the two (x) is described as:'®

kr(x) = kgp(0) e (D

where kg1(0) and kgr(x) are the kgt values at the electrode surface (x = 0) and at the distance x from
it, respectively, and £ is the tunneling decay coefficient. Studies of electron tunneling using redox
centers tethered to organic molecules with typical lengths of 5-50 A on metal electrodes revealed
J values of 1.0-1.2 A™' for alkanethiol chains,”’>* 0.4-0.6 A™' for z-conjugated chains,’”*" and

1% Tunneling through vacuum between two metals typically

0.2-0.3 A" for aromatic chains.
yields f8 values of 2.0-2.5 A"
Consequently, one could be tempted to perform a linear fit of data in Fig. 3a by adopting
Eq. (1) for £°. Doing so would yield # of 0.4-0.5 A™', which is somewhat smaller than expected
for a wide bandgap insulator. In fact, it is evident from Fig. 3a that the distance dependence of
In(k") is not linear and decays more slowly as x increases, as seen for > 3L hBN. When only 1L

and 2L hBN are considered for the linear fit, reasonable f values of 1.2 Al'and 1.1 A for [IrCl]*

and [Ru(NH3)s]’" are obtained. The deviation from Eq. (1) at large x becomes very apparent when

the data are normalized to k£ * &, as shown in Figs. 3b and 3c. Plotted this way, the linear fit ought
to pass near the origin, since, by definition, for x = 0 the argument of the natural logarithm is 1.

Indeed, when OL, 1L, and 2L data are considered for the linear fit in Fig. 3b—c, f values of 1.1 A~
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"and 1.0 A™ for [IrCls]’ and [Ru(NH;)s]>" are obtained and the fitted lines pass within + 0.2 A
from the origin. This data normalization also has the noteworthy advantage of canceling out the
effects of solvent, electrolyte, and impurity adsorption at the electrode surface.

Let us now review the quantitative aspects of electron transfer formalized by Marcus-Hush
theory. The following formalism for kgt is usually invoked, describing the electron transfer as a
temperature-activated process:***°

KeT = VnKelky (2)
where v, is the effective nuclear vibration frequency, . is the electronic transmission coefficient,

and x, is the nuclear reorganization factor, typically expressed in terms of the standard free energy

of activation (AG*):"®

4G¥

Kk, =e kBT (3)
where kg is the Boltzmann constant and 7 is the temperature. Of all the above quantities, x.; is the
only source of the exponential decay with distance:

Ko (X) = Ky (0)e ~F 4)
where #1(0) and x.(x) are the . values at the electrode surface (x = 0) and at a distance x from it,
respectively. In the adiabatic regime of strong electronic coupling, xe(x) — 1, which manifests
itself by the independence of the rate constant on distance.”® At larger distances, the electronic
coupling weakens, x(x) < 1, and even an initially adiabatic reaction becomes non-adiabatic and

. . . . 4 -
independent of the nuclear dynamics since x(x) is reduced to:** 4%

VO —_
Ke(x) = e (5)
Vn
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where v is the electron hopping frequency at x = 0. This quantity is a function of the electrode

DOS (pOE) at energy corresponding to £° and the electronic coupling matrix between the electrode

and redox states (HR) at x = 0, according to the Landau-Zener formalism:****

0 4n2p%(Hé’R)2

Vel = = — (6)

where / is the Planck constant and 4 is the reorganization energy of the redox mediator. Many
outer-sphere electrode reactions are non-adiabatic due to weak electronic coupling, which also

applies to our system as a result of the low DOS of graphite.’® *

The standard heterogeneous
electron transfer rate constant &° (in cm s') is a special case of kgt at E = E°, integrated over all
p g

the distances from the electrode, so from Eq. (2) we have:
K= f):o ket (E = EO')dx = vnzcn(E = EOV) f;o Kol dX (7)
Feldberg and Sutin derived an expression for & for non-adiabatic reactions at electrode surfaces,*

which in combination with Eq. (1) finally yields the distance dependent £°:

A

e T g ®)

vl ox
,B ’ 1+ nkj'BT

When the coherent quantum tunneling arises solely from the electronic coupling between the

kK (x) =

electrode and the redox mediator, then  exclusively describes the tunneling decay, is independent
of potential and temperature, and its inverse has the physical meaning of a reaction zone
thickness.*

Eq. (8) provides the means to estimate v from the intercepts in Fig. 3a. Using an arbitrary

value of 2 = 1.0 eV for both mediators™ yields vy of 6.8 x 10" s ' and 2.3 x 10" s for [IrCls]*

and [Ru(NHs)s]*", respectively. We then use these ve(f values and Eq. (6) to calculate pOE atx =0,

15



i.e. the DOS of the bare graphite (assuming H ~ 0.1 eV).* The p% of 1.6 x 10> atom ™' eV ' for
[IrCls]> is in agreement with recently determined values for basal plane graphite, while the p% of

5.4x 10" atom ' eV for [Ru(NHs)s]’" is closer to the edge plane of graphite, consistent with the

. . 36
above discussion.
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Figure 3 |Dependence of the Electron Transfer Rate on Tunneling Distance. a, Natural

logarithm of the standard heterogeneous electron transfer rate constant (k*"®") as a function of the

tunneling distance for [IrCls]’~ (circles) and [Ru(NH;3)s]’" (triangles). The same dependence with

k"N normalized to k*** is shown in b for [IrCls]’” and in ¢ for [Ru(NHs)s]*". § values are

determined from the regression lines fitted to the 1-2L data in a and 0-2L data in b—c, and

dependencies corresponding to f of 2.0 A™" and 0.5 A™" are plotted in b—c for comparison. The

tunneling distance was calculated from N using the theoretical vdW spacing (3.3 A) in bulk hBN.®
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Observation of the Marcus-Hush Theory of Electron Transfer

We observe further anomalies in the other two electrochemical parameters determined
from the voltammetric fitting, namely the transfer coefficient and limiting current density, which
are plotted in Figure 4 as a function of the tunneling distance. Fig. 4a and 4 b indicate an average
(1-a) of 0.36 for [IrCls]>” and « of 0.58 for [Ru(NH;)e]*", both of which are reasonable values,
indicating a high symmetry of the reduction/oxidation reactions.'® However, a progressive
decrease of an initially constant (1-a) of 0.51 is observed for [IrCls]’~ oxidation for >3L hBN.
[Ru(NHs)s]*" reduction on hBN does not exhibit as clear a decrease in o with the tunneling distance
but yields unusually small values of o between 0.13 and 0.27. Another striking observation shown
in Fig. 4c and 4c is that the normalized jiim does not reach the expected unity maximum at large
potentials and instead decreases progressively with increasing tunneling distance. This is true for
[IrCls]’~ with 5L hBN, and for [Ru(NHs)s]>" with all hBN thicknesses. The small <15% decrease
in [IrCl¢]> jim on 1-4L hBN can be attributed to the previously discussed contamination at the
hBN/graphite interface.

Such anomalous behavior of jji, and a (or 1-a) indicates a departure from the Butler-
Volmer model of electrochemical kinetics, which was used to analyze the data. In a predictive
theoretical study, Feldberg showed that, under certain conditions, the steady-state voltammograms
on disk ultramicroelectrodes deviate from the Butler-Volmer behavior and instead follow the
Marcus-Hush theory.” Crucially, the Butler-Volmer model continues to produce a good
voltammetric fit but £” and a (or 1-a) become mere fitting parameters. Consequently, their
apparent values increase and decrease, respectively, and the physical value of i, decreases as
Marcus-Hush behavior dominates, much in agreement with our observations. The qualitative

conditions necessary to observe these anomalies were identified as: large potentials, small £°, small
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electrode size, and small 4, i.e. “fast” redox systems. Feldberg argued that such conditions are
difficult to achieve simultaneously in an experiment,” but fortuitously, our experimental system
favorably meets all of these conditions. For 4 = 1.0 eV, the two kinetics models are only
distinguishable when |E — E°| > 0.5 V (easily accessible in our system), and 99% of the Marcus-
Hush potential-independent k° plateau is reached when |[E — E°| > 1.5 V.’ Furthermore, the

following distinguishability condition must be met:
0 _
%” <10 (1 10 kBT> (9)

where r is the electrode radius and D is the diffusion coefficient of the redox mediator. One way
to approach this condition is to decrease 7 to units of nanometers, a feat demonstrated more than a
decade ago,”' however, this leads to complications since » becomes comparable to the electrical
double layer thickness. Basal plane graphite has long been identified as having small k” for outer-
sphere redox mediators, due to its low DOS, but little effort has been expended toward employing
it as an ultramicroelectrode. More crucially, very few systems have values of k° and A low enough
to meet the conditions imposed by Eq. (9), since k° increases with decreasing 1, according to Eq.
(8). Our system is unique, since 4 is kept constant, whereas k° decreases progressively with the
tunneling distance due to the weakened electronic coupling. Consequently, the combination of
basal plane graphite ultramicroelectrodes with » = 2.5 pm and tunneling through hBN, which
pushes the apparent £” to below 107—10 cm s ', allows the conditions imposed by Eq. (9) to be
met, subject to the value of 4. In fact, we can obtain a rough estimate of 4, based on the observed
deviation from the expected exponential decay between 2-3L hBN layers (Fig. 3). Indeed,
evaluating £°, r, and D values against Eq. (9) leads to A = 1.3 eV for [IrCls]>” and 1 = 0.7 eV for
[Ru(NH;)e]*", both in agreement with experimentally determined values of ~1.2 eV>* and ~0.6

eV, respectively, although in disagreement with theoretical predictions.”® This also explains why
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deviations in a and jii,, are only seen at the largest distances for [IrClg]>~ while anomalous behavior
is observed for [Ru(NHs)s]>" across the entire range of distances. We stress that the above

evaluation is very approximate and does not fully explain all the aspects of the observed deviations.
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Properties of the hBN Tunneling Barrier

It is instructive to consider the properties of the tunneling barrier and its dependence on the
hBN thickness and applied potential. The band diagram in Fig. 5a schematically depicts the various
energy levels in the graphite/1L hBN/liquid heterostructure and their mutual alignment for the
unbiased case prior to contact between the three phases. Fig. 5b shows the tunneling process for
the [IrCls]>” oxidation, with a large positive potential applied to the graphite allowing the electrons
to tunnel from the occupied states of [IrCl¢]> to the empty states in graphite. Similarly, Fig. 5c
shows the electron tunneling from the occupied states in graphite to the empty states of
[Ru(NH3)]*", facilitated by the large negative potential applied to the graphite. An important
implication of the analysis in Figs. Sa-c is that both processes are dominated by the electron/hole
tunneling near the valence band maximum (VBM), rather than the conduction band minimum
(CBM), of hBN, since this path has a significantly lower tunneling barrier. Furthermore, the barrier
for tunneling to/from [IrClg]’~ is smaller than that for [Ru(NHs)s]*" thanks to the relative position
of the redox levels and VBM of hBN.

The dependence of the hBN band structure, shown in Fig. 5d for 1L, on the number of
layers is also an important consideration, given the nature of the present study. While little
experimental information has so far been offered on this matter, our DFT calculations reveal a
strong dependence of the band gap energy on the number of hBN layers, changing from 6.1 eV for
1L to 5.6 eV for 6L, as shown in Figure 5e. However, this ~0.5 eV difference originates from the
decrease in the CBM with the VBM remaining nearly constant. We therefore do not expect the
hBN band gap dependence to affect the tunneling processes here.

We also evaluated the distribution of the applied potential across the graphite/hBN/liquid

heterostructure. Fig. 6a shows the difference between the hBN and graphite half-wave potentials
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(E II}E'N and @ , respectively) as a function of the hBN thickness. This difference can be thought
of as the additional voltage (akin to an overpotential) that has to be applied, with the hBN barrier
present, in order to achieve the same current density as that obtained on bare graphite. We further
express this quantity as the fraction of the applied potential “spent” within the hBN, according to

the following expression:

hBN gra
hBN: lf hBN:l ‘El/z _El/z |
E, 1 N E,N N |E1h/123N,EO'|

(10)

where fEh? N and fEhI\]?N are the fractions of £ spent per hBN layer and in N layers of hBN,

respectively. Fig. 6b shows these fractions as a function of the inverse hBN thickness and,

hBN

expectedly, suggests that for bulk hBN, /.y

approaches unity for both mediators. However, it

also shows that less of £ is spent in hBN for [IrCle]* in comparison to [Ru(NHs)s]*". This indicates
a smaller tunneling barrier for the former, at least for the few-layer hBN measured here, which is
in agreement with the differences predicted from Figs. 5b-c.

It is not unlikely that the tunneling transport through hBN is affected by impurity- or defect-
induced mid-gap states, as predicted for an hBN/graphene heterostructure® and evidenced by a

slight p-doping in bulk hBN.>* Impurities usually average less than 10'® cm™

in good quality
hBN,>® which can however be exceeded locally.”® Our own measurements of bulk hBN and
hBN/graphite heterostructure by XPS and Raman spectroscopy, respectively, did not reveal any
additional peaks or shoulders in the relevant spectral regions, suggesting that the defect/impurity
concentrations are low (Supporting Fig. S4). Furthermore, the dielectric breakdown measurements
yielded a high dielectric strength of ~2 V nm™' (Supporting Fig. S5), in agreement with previous

20-22
reports.
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Figure 5 | Band Structure and Alignment of the hBN Tunneling Barrier. a, Band diagram of
the different energy levels within the graphite, 1L hBN, and liquid, prior to their contact. b—ec,
Band diagrams of the energy level alignment in the biased graphite/1L hBN/liquid heterostructure
for the [IrCls]>~ oxidation (b) and [Ru(NH3)s]>" reduction (c¢). d, Band structure of 1L hBN. e,
Evolution of the band gap (circles) and CBM (solid line) on the number of hBN layers. The band
gap of bulk hBN, extrapolated from a reciprocal dependence on N, is also shown. Graphite and
hBN energy levels and band structures have been calculated using DFT, except for the £ of hBN,
which was taken from ref >*. The redox energy levels were measured experimentally and converted

to a vacuum scale (Eyae = 0).”’
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CONCLUSIONS

We studied electron tunneling across an atomically-flat hBN barrier sandwiched between
a graphite electrode and redox levels in a liquid solution. The steady-state voltammetry of [IrCls]*"
oxidation and [Ru(NHs)s]*" reduction obtained on disk ultramicroelectrodes with typical diameters
of 5 um revealed an exponential dependence of the apparent electron transfer rates on the hBN
thickness for 1L and 2L hBN. For thicker hBN, deviations in &°, Jiim, and o (1—a)) were observed,
indicating limitations of the Butler-Volmer model of electrochemical kinetics. We found that this
behavior is a direct experimental manifestation of the Marcus-Hush theory, which has been one of
the most fundamental treatments of electron transfer. Furthermore, the experimental platform
developed here could be exploited in a range of diverse scenarios, including studies of long-range
electron transfer, electrochemical switching between outer- and inner-sphere reaction, and
electrocatalytic mechanisms. It could be possible to discriminate between outer-sphere and inner
sphere reactions as recently shown for 1L MoS, on Au,”® explore electrocatalytic reactions on

6% and study proton tunneling/transport through 1L hBN.®' Such

hBN/metal heterostructures,
developments are even more likely to succeed, once a reliable control over the thickness and

quality of synthetically-grown, large-area hBN is established.®®
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Supporting Figure S1 | Schematic of the Tunneling Device Fabrication. a,
Polydimethylglutarimide (PMGI) first and PMMA second were spin-coated onto a Si wafer. b,
hBN was exfoliated on a PMMA/PMGI/Si substrate. ¢, PMGI was dissolved using MF 319 (2.45%
tetramethylammonium hydroxide in water). d, PMMA/hBN stack was transferred onto graphite,
which was previously exfoliated onto a 300 nm SiO,/Si wafer. e, PMMA is peeled away, while
hBN remains on graphite, held by vdW forces (c—e loosely follows the “dry-peel” stamp-transfer
method described in ref.'). f, PMMA was spin-coated (130 nm thickness, measured by
profilometry) onto the hBN/graphite heterostructure. g, e-beam lithography is used to define a
circular opening (3—5 pm in diameter) in PMMA. h, irradiated PMMA photoresist was dissolved
with methyl isobutyl ketone/isopropanol (MIBK/IPA). i, PMMA was mechanically scratched 300—
500 pum away from the opening and the freshly-exposed graphite was contacted using a Ag paint
and a Cu wire.
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Supporting Figure s2 | Voltammetry of [IrCls]>” Oxidation on Graphite. A steady-state
voltammogram of an ultramicroelectrode under a radial diffusion regime is independent of the
scan rate. The differences between the voltammograms recorded at different scan rates in this
figure arise from the fact that, for scan rates slower than 100 mV s, the diffusion layer thickness
become comparable to the dimensions of the microdroplet electrochemical cell, which leads to the
thin-layer cell diffusional effects. Conversely, faster scans result in a deviation from the steady-
state due to the increasing contributing from the linear diffusion. Scanning at 100 mV s~ yields
>95 % steady-state microelectrode response, considering the electrode radius (2.5 pum) and the
diffusion coefficient of [IrCls]>” (2.1 x 10° cm® s™'),> and was therefore chosen as a good
compromise to achieve the steady-state response, while avoiding the undesirable thin-layer cell
effects. The limiting current (/i) obtained on graphite at 100 mV ™" was generally found to be in
agreement with the theoretical value for a disk ultramicroelectrode (/jim = 4nFDcr, where n is the
number of electron transferred, F' is the Faraday constant, D is the diffusion coefficient of the
mediator, ¢ is the mediator concentration, and 7 is the radius of the microelectrode).3 Iim was within
15% of the theoretical value for [IrCls]’~ (a slight increase was observed due to the convolution
with surface oxidation at high potentials) and within 5% for [Ru(NH;)6]*". The PMMA recess
plays a negligible role in the diffusional regime since its height (130 nm) is about 5% of the
electrode radius.”
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Supporting Figure S3 | Voltammetry in the 6 M LiCl Supporting Electrolyte. Cyclic

voltammograms on hBN (green curves) and bare graphite (black curves), demonstrating how the

potential window widens with increasing hBN thickness, due to a reduction in the electron transfer

rate of the side-reactions delimiting the window at the potential extremes. Data for 1L (a), 2L (b),
and 5L (¢) hBN are shown.
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Supporting Figure S4 | Raman Spectroscopy and XPS of hBN and Graphite. a, Raman
spectra of hBN on graphite. The presence of the E», mode at ~1368 cm ' confirms the hexagonal
phase of hBN,’ but its intensity in 1L and few-layer hBN is negligible in comparison to the G and
2D modes in graphite/graphene and therefore prevent detailed analysis.® In order to avoid laser-
induced damage, the Raman spectra were acquired after the electrochemical measurements. Top-
left inset: an optical image of the different hBN layers showing the collection spots. b, Survey XPS
spectra of bulk hBN (top) and graphite (bottom). c—e, High-resolution XPS spectra of the N 1s, B
Ls, and C 1s regions, showing single Gaussians without shoulders for N and B at expected binding
energies and FWHM ~1 eV, indicating low concentration of impurities in hBN.” The C s binding
energy corresponds to the sp” carbon hybridization and contains a shoulder at the high-energy tails,
indicating partial surface oxidation common in graphite.” The XPS quantification was not
considered reliable due to the low XPS sensitivity for light elements.
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Supporting Figure S5 | Dielectric Breakdown Estimation. Voltammetry in 6 M LiCl electrolyte
for 6L (a) and 18L (b) hBN. The thinner 6. hBN (which also included a contamination layer
trapped between the hBN and graphite) underwent dielectric breakdown upon applied voltage of
~ 6 V. The thicker 18L hBN withstood an applied voltage of ~ 10 V. This yields an average
estimate of ~2 V nm™' (GV m™") for the hBN dielectric breakdown, based on the AFM-measured
hBN thickness and assuming a linear electric field. The insets in a show the optical micrograph of
the hBN opening in the PMMA, before and after the dielectric breakdown. Previous publications
reported similar dielectric strength, and showed higher susceptibility of thicker (>9 nm) hBN to
dielectric breakdown.®' Indeed, we found that all of our hBN crystals thicker than ~15 nm
“leaked” current.
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