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ABSTRACT: Inert single-layer boron nitride (h-BN) grown on a
catalytic metal may be functionalized with quaternary ammonium
compounds (quats) that are widely used as nonreactive electrolytes. We
observe that the quat treatment, which facilitates the electrochemical
transfer of two-dimensional materials, involves a decomposition of quat
ions and leads to covalently bound quat derivatives on top of the 2D
layer. Applying tetraoctylammonium and h-BN on rhodium, the
reaction product is top-alkylized h-BN as identified with high-resolution
X-ray photoelectron spectroscopy. The alkyl chains are homogeneously distributed across the surface, and the properties thereof
are well-tunable by the choice of different quats. The functionalization further weakens the 2D material−substrate interaction
and promotes easy transfer. Therefore, the functionalization scheme that is presented enables the design of 2D materials with
tailored properties and with the freedom to position and orient them as required. The mechanism of this functionalization route
is investigated with density functional theory calculations, and we identify the proximity of the catalytic metal substrate to alter
the chemical reactivity of otherwise inert h-BN layers.

KEYWORDS: Hexagonal boron nitride, quaternary ammonium compounds, electrochemical process, 2D materials functionalization,
2D materials transfer, heterogeneous catalysis on metals

Enabling materials requires a set of tools and strategies to
tune the properties of a desired compound for its final

application. Because two-dimensional (2D) materials are
expected to become building blocks for electronic devices
beyond the silicon technology1,2 or to be used as membranes
for efficient ion separation and DNA sequencing,3,4 a
corresponding toolbox with knowledge about reactivities and
functionalization pathways needs to be established. Although
graphene−the single 2D layer of graphite−can rely on carbon-
based organic chemistry, the appliances to enable hexagonal
boron nitride (h-BN) are limited,5 and edge functionalization
of the h-BN sheets is preferred.6,7 To date, solution-based
hydroxylation or alkylation of h-BN requires radical chemistry
at elevated temperatures or long processing times and the
application of highly reactive agents, such as peroxides,8

dibromocarbene,9 and naphthalide.10 Our work advances the
radical h-BN alkylation route but employs a single reaction
step at room temperature with chemicals that are easy to
handle and store and a simple solvent purge for product
cleaning.
The functionalization is realized with a quaternary

ammonium compound (quat)/acetonitrile solution in an

electrochemical cell, which is operated below the electro-
chemical window of quats (i.e., a voltage at which the
molecules are reduced). With tetraoctylammonium (TOA) as
the quat, we achieve the alkylation of single-layer h-BN on
Rh(111). The alkylation reaction is assigned to a side reaction
of an electrochemical quat reduction under aprotic con-
ditions.11 Ab initio density functional theory (DFT)
calculations identify the key ingredient for this simple
alkylation scheme to be the transition-metal substrate that
substantially alters the chemical reactivity on the side of h-BN
farther away from the metal.12 The functionalization process
features self-termination as observed by scanning probe
microscopy. The alkylation further occurs on only one side
of h-BN, as measured by angle-dependent X-ray photoelectron
spectroscopy (XPS), and the functionalizations sustain extreme
conditions, as demonstrated by annealing to 830 °C.
Quaternary ammonium cations are widely used as electro-

lytes in batteries or capacitors because of their electrochemical
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stability.11,13 Electrochemistry with quats started to impact the
enabling of 2D materials when they were applied to the
activation of graphene to promote carboxylation14 and to
facilitate the exfoliation of graphene from transition metals.15

The latter concept of facile transfer has inspired a wide range
of research activities, and it was successfully applied with
different quats16 to a variety of 2D material systems.15−19

However, these electrochemical processes were assigned to
involve quat intercalation. Here, the data unambiguously
exclude intercalation and suggest a covalent functionalization
with quat derivatives instead. Nevertheless, quat-induced
delamination is the prime feature of the functionalization
route presented and gives access to tailored 2D building
blocks. The simplicity of the chemicals involved provides the
opportunity for easy customization of the functional groups,
the self-terminating process ensures a homogeneous distribu-
tion and the covalent bond grants persistence and reliability.
But it is the easy transferability which enables the placement of
such a customized 2D material where needed and with the
functionalization pointing in the direction for which it is
intended (e.g., it allows us to design membranes with two
different faces such as the ones used for ion transport in
aqueous KCl solutions,18 which exhibit asymmetric ion
transport behavior).
The alkyl-functionalized h-BN on Rh(111) features a

distinct elemental composition, annealing behavior, and
electronic valence structure as compared to pristine h-BN.
Hence, we use nomenclature with the prefix “functionalized”
(f) (i.e., functionalized boron nitride (f-BN)).

■ RESULTS AND DISCUSSION
To understand the nature of the TOA-treatment effects on a
2D layer/metal surface, the electrochemistry of this procedure
is first examined in detail. Next, synchrotron-based high-

resolution XPS measurements rationalize the structure of
TOABr-treated h-BN/Rh(111). Finally, a series of consecutive
TOA treatments confirm that the TOABr process leads to
functionalized BN (f-BN).
For the TOABr process, a three-electrode setup is employed,

with a Pt wire as a counter electrode, a Ag/AgBr
pseudoreference electrode (i.e., a Ag wire immersed in
TOABr/acetonitrile15), and the h-BN/Rh(111) thin film
sample as the working electrode. The top view of the setup
is shown in Figure 1b. The process requires a sample voltage of
−1.9 V vs Ag/AgBr for 10 min, followed by −0.2 V for 20 s.
The current at −1.9 V vs Ag/AgBr is constant and on the order
of ∼1.5 mA/cm2.14,16,17 It was suggested that the constant
current is caused by a continuous double-layer charging due to
continuous TOA+ intercalation, which is solely a polarization
process.16 From an electronic perspective, such a process
corresponds to the charging of a capacitor, where no charges
are exchanged between electrodes and electrolyte. Figure 1a
displays the voltammogram of the complete process, and an
exponential current increase below −1.5 V vs Ag/AgBr points
toward an electrochemical reaction. Figure 1c displays several
snapshots of the Pt counter electrode before, during, and after
the TOABr process. At −1.9 V vs Ag/AgBr, a yellow color
emerges in the solution around the Pt wire (Figure 1b), which
is examined in detail in Figure S1 of the Supporting
Information (SI). The temporal coincidence of the large
process current with this localized yellow coloring indicates an
oxidation reaction at the positive Pt electrode. Considering the
oxidation products of all chemical species in the solution
suggests that the color is bromine-based, and we assigned it to
the bromine reaction:

2Br Br 2e2→ +− −
(1)

Figure 1. Electrochemical reactions in the 0.1 M TOABr/acetonitrile solution with a h-BN/Rh(111) cathode and a Pt anode. (a) Voltammogram
during the TOABr process with the potential between the sample and reference electrode as well as the potential between the Pt counter electrode
and sample. (b) Top view of the three-electrode setup in an argon atmosphere and (c) pictures of the Pt wire at different times during the TOA
process. (d, e) Schematics of the TOA decomposition reaction. A small number of the alkyl radicals in (e) are able to covalently bind to h-BN on
Rh(111) to form functionalized boron nitride (f-BN) (f).
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With an oxidation reaction at the Pt counter electrode,
charge neutrality in the solution can be sustained only with a
reduction reaction at the sample electrode. Therefore, the
TOA process current is assigned to a chemical reaction and not
cation intercalation/solution polarization, although that could
still occur. Because the Pt sample voltage exceeds the
electrochemical window of quaternary ammonium cations,
which is about 4 V (Figure 1a),20,21 a TOA+ decomposition
reaction most likely occurs on the h-BN/Rh(111) surface. In
anhydrous and aprotic solvents, the tetraalkylammonium
reduction is known to form trialkylamine and octyl radicals.11

This reaction is schematically drawn in Figure 1d,e and is
electrode-surface-independent per se. For the presently used h-
BN/Rh(111) electrodes, DFT calculations predict a chem-
isorbed octyl chain from a reduced and dissociated TOA+ to be
1.6 eV more stable than the intact state. Chemisorption occurs
at boron sites close to the Rh(111) surface and leads to
functionalization as depicted in Figure 1f (further details in the
SI).
For the structure determination of TOABr-processed h-BN/

Rh(111), the sample is thoroughly rinsed with acetonitrile
(section 2 in Supporting Information), and high-resolution
XPS is employed. Figure 2a displays XPS data of pristine, in-

situ-prepared h-BN on Rh(111) (black) and of the TOABr-
treated h-BN/Rh(111) surface at normal (green) and at
grazing angle emission (blue). The pristine h-BN/Rh(111)
sample features two nitrogen components,22 which relate to an
intrinsic property of the h-BN/Rh(111) surface that is a real
space corrugation of the adlayer, the so-called “nanomesh”.23

After the TOA treatment, this double-peak characteristics is
lost. Such a loss of electronic structure has been reported to
occur after tin24 or hydrogen intercalation, where it coincided
with a flattening of the physical corrugation of the nanomesh.25

Comparing XPS intensities, we find that the boron and
nitrogen signals undergo an attenuation of about 50% upon
TOA treatment. Because the TOA treatment allows the
transfer of 95% h-BN from Rh(111)18 and because the grazing
angle data indicate a top carbon cover, the boron and nitrogen
signal reduction is assigned to the attenuation through a
carbon layer due to the nanometer short inelastic electron
mean free path of the photoelectrons. Following the same
inelastic electron mean free path argument, the comparison of
grazing angle with normal emission data allows us to
discriminate species of the same element at different depths
below the surface. The differences in these signals are displayed
(orange) and reveal a single boron−nitrogen layer and two

Figure 2. Measured and simulated XPS spectra of h-BN/Rh(111) before and after TOA treatment. (a) XPS data of pristine material (black), after
TOA treatment at normal emission (green), at an 84° grazing angle (blue), and the difference between the last two (orange). The photon energy is
850 eV, and all signals are normalized with their corresponding photoemission cross sections. The grazing angle data are scaled with a factor of 5.7
such that the carbon peak heights coincide. (b) Calculated XPS signals from the energy eigenvalues of the h-BN/Rh(111) unit cell with and
without 12 octyl radicals which were relaxed above h-BN/Rh(111). (c) Cross-sectional view of the structures from the XPS calculations. For clarity,
only one octyl is shown. (d) DFT total energy differences of octyl radical adsorption on free-standing h-BN and h-BN/Rh(111).
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different carbon species. The single nitrogen species indicates
that traces of nitrogen from either TOA or acetonitrile are not
detected. From the XPS data, a carbon quantity is determined
with a 1.0 monolayer reference (3.7 × 1015 atoms/cm2) for the
pristine h-BN layer (black). This yields a total carbon quantity
of 45% monolayer and 7.4% monolayer for the lower-binding-
energy species. The estimated coverage represents an upper
limit of carbon that originates from the TOA process because
the surface was exposed between rinsing and the XPS
measurement to ambient conditions, from where it may pick
up additional carbon.
For comparison with the experiment, XPS spectra of pristine

h-BN/Rh(111) and of a system with 12 octyls covalently
bonded to B atoms in the pore of a single nanomesh unit cell
were calculated. In Figure 2c, we show the DFT structures of
cross sections across the pristine h-BN/Rh(111) and the f-
BN/Rh(111). The coordinates of the energy-optimized
systems are provided in the SI. The TOA derivatives prefer
the proximity to the Rh substrate and bind the strongest in
locations where the h-BN layer is close to the metal catalyst.
The calculations of the XPS core-level energies are based on
the half-core hole approximation, where initial and final state
effects are accounted for by electronic energy eigenvalue
calculations after removing half an electron from the core
state.26 The core-state energy values thus obtained are
convoluted with a Gaussian function with a full width at
half-maximum (fwhm) of 0.82 eV and displayed in Figure 2b.
On absolute binding energy scales, all simulated values are
shifted to match the experimental results, and only peak-shape
changes are discussed. The N 1s core-level splitting of the
pristine h-BN/Rh(111) nanomesh and its loss after the octyl
radical adsorption are well reproduced. The shoulder at lower
binding energy of the C 1s spectrum (highlighted by the
bottom orange line in the middle panel of Figure 2b)
represents a second carbon species spatially closer to h-BN
and directly bound to boron. The covalent character of the
carbon−boron bond is inferred from the “pop out” of the
involved boron atom off the h-BN plane by 0.6 Å and indicates
boron with an sp3 configuration (Figure 2c). The agreement
between the experimental and calculated XPS features suggests
an f-BN structure that is a monolayer h-BN with covalent octyl
functionalization on top. Intercalation or bottom functionaliza-
tion is not detected and has to be below the sensitivity of XPS.
Complementary, angle-dependent XPS measurements and
surface composition simulations, which do not rely on DFT,
can be found in section 3 of the Supporting Information.
We performed a number of DFT structure relaxations of

octyl radicals on freestanding h-BN and on h-BN/Rh(111) and
computed adsorption energies (more details in the SI). Adding
more and more octyl radicals leads to two stable spacial
arrangements, namely, chemisorbed octyl chains on specific
boron sites in h-BN and the physisorption of dimerized octyl
radicals (i.e., hexadecanes). An overview of the adsorption
energies is provided in Figure 2d. The radical dimerization
appears to be the energetically favored process, while the octyl
chemisorption on metal-supported h-BN represents a side
product of the electrochemical reaction. A comparison of the
total charge flowing through the h-BN/Rh(111) electrode with
the number of electrons used for TOA decomposition and
chemisorption of 30% of a monolayer carbon allows an
estimation of the octylradical-surface functionalization yield of
about 1:(2 × 105). Such a low alkylation yield confirms that
the covalent functionalization is indeed a side reaction and the

main reaction is assigned to radical dimerization in solution.
These dimerization reactions finally explain the mismatch
between the measured process current and the orders of
magnitude lower surface modifications as reported ear-
lier.14,16,17

Because electrochemistry, XPS, and DFT resolve the
structure of TOABr-treated h-BN/Rh(111), real-space imaging
is used to confirm uniform modifications across the sample.
Atomic force microscopy (AFM) images are displayed in
Figure 3. The faint lines are single atomic Rh(111) steps.27

Therefore, the lawnlike surface morphology is atomically thin,
and on the micrometer scale, these features homogeneously
cover the surface. Clustering or island formation are not
observed, suggesting that the surface functionalization reaction
is a self-terminating process.
To further confirm that the TOABr process conditions lead

to covalently attached carbon chains on the h-BN/Rh(111)
substrate, we performed a series of TOABr treatments and
ambient condition exposures with elemental and electronic
valence structure analysis. The experimental protocol is
schematically displayed in Figure 4d and starts with the
annealing of h-BN/Rh(111) at ultrahigh vacuum (UHV) to
830 °C, followed by XPS and normal emission ultraviolet

Figure 3. AFM images of TOA-treated h-BN/Rh(111) at room
temperature. (a) 2 × 2 μm2 and (b) 500 × 500 nm2 scan areas, which
are measured using a PF-HIRS tip in Peak Force mapping mode. The
three sets of faint lines rotated by 60° with respect to each other are
single atomic steps of the Rh(111) surface, which are typical of the
single-crystalline Rh films.27
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photoelectron spectroscopy (UPS) measurements. Subse-
quently, the sample is cycled through a series of immersions
into 0.1 M TOABr for 10 min, followed by acetonitrile rinsing,
UHV annealing, and inspection with XPS and UPS. The only
parameter varied in these cycles is the potentiostat voltage
during the TOABr solution immersion, which is 0, −1.9, −1.9,
and 0 V vs Ag/AgBr.
Figure 4a summarizes the elemental composition from XPS

of the h-BN/Rh(111) surface as a function of the TOABr
treatment and annealing iteration. As expected, the largest
elemental fractions are rhodium, boron, and nitrogen. The
rhodium contribution steadily increases, while boron and
nitrogen decrease, which reflects a continuous loss of h-BN.
After both −1.9 V vs Ag/AgBr treatments, the carbon quantity
is more than doubled, which is not observed after the 0 V
treatments. Inferring a 1.0 monolayer reference for the XPS
signal of pristine h-BN, the carbon content increases after the
−1.9 V treatments correspond to 5 and 10% monolayers.
Comparison with the carbon content directly after the TOA
treatment (45% monolayer, see Figure 2a) indicates that the
largest impact of UHV annealing is carbon desorption. To
localize the remaining carbon, the valence states are examined
with He Iα UPS and shown in Figure 4b. The two peaks at the
lowest binding energies reflect rhodium and the σα and σβ
boron nitride bands, which correspond to the nanomesh wire
and pore states, respectively.28 The σ bands are sensitive to the
adsorption of molecular species or intercalation, where the σβ
band disappears.24,25 Here, every process step attenuates the
intensity of both boron nitride bands, which is in line with the

XPS data in Figure 4a. The effect of the −1.9 V TOABr
treatments differs from the 0 V treatments by an extra
broadening of the σα bands. The intact σβ band and a
broadened σα band imply a h-BN/Rh(111) nanomesh
structure with a modified wire region. Scanning tunneling
microscopy (STM) measurements after the final annealing
cycle complement these findings, and the pristine nanomesh
structure is detected with additional nanometer-sized pro-
trusions (Figure S5 of the Supporting Information). We assign
these protrusions to covalently bound remains of the alkyl
chains, which, based on the UPS data, persist only in the wire
region of h-BN. An additional effect is measured by X-ray
photoelectron diffraction (XPD) after the final annealing cycle
and displayed in Figure 4c. The six forward-scattering
directions of boron are observed for carbon at the same
polar and azimuthal positions. This indicates the integration of
carbon into the h-BN layer, and the presence of graphene
patches in the h-BN layer is confirmed by STM (Figure S5 in
Supporting Information). Such lateral graphene-h-BN hetero-
structures were also observed after consecutive h-BN and
graphene growth on transition metals.29 In the present case,
the carbon precursor is provided via electrochemical alkylation
prior to annealing.

■ CONCLUSIONS

The TOABr treatment for facile 2D layer delamination is an
electrochemical reaction with bromide oxidation at the counter
electrode and TOA reduction on the sample working
electrode. DFT calculations suggest that the radicalic TOA

Figure 4. Elemental and electronic h-BN/Rh(111) changes after the TOABr process and annealing to 830 °C. (a) Elemental ratios obtained from
Mg Kα normal emission XPS data and (b) He Iα UPS of pristine h-BN/Rh(111) (black) and after a series of TOABr solution exposures, 0 V vs
Ag/AgBr (blue) and −1.9 V vs Ag/AgBr (red). (c) XPD patterns of B 1s and C 1s after the final TOABr immersion at 0 V vs Ag/AgBr. The XPD
signals are averaged by the azimuthal mean at each polar angle, which enhances the forward scattering contrast at grazing angle and induces
intensity values of around 1. (d) Schematic diagram of the experimental protocol vs time.
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decomposition product can covalently bind to single-layer h-
BN as long as the latter is in close proximity to Rh(111). The
covalent functionalization is experimentally confirmed by a
series of TOABr exposures and photoelectron spectroscopy
investigations. We suggest that these TOABr-process effects
are generally applicable to other systems of 2D layers in the
vicinity of transition metals (e.g., graphene on iridium) and to
other ammonium ions. Apart from easy-to-handle chemicals
and processes, the advantage of this functionalization concept
is threefold: (i) the functionalizations are homogeneously
distributed across the surface in a self-terminating reaction, (ii)
the chemically functionalized 2D layers become easily
amenable to transfer via electrochemical delamination, and
(iii) the functionalizations are covalently attached to the 2D
layer, which makes such systems persistent to extreme
conditions and is equivalent to a new material (i.e., f-BN).
By exploiting these advantages, it is now possible to design
atomically thin two-sided membranes with two chemically
different faces.

■ METHODS

The h-BN monolayer is prepared on 4 in. Rh(111) thin-film
wafers with the procedures and facility described by Hemmi et
al.27 The electrochemical alkylation is achieved in Ar degassed,
dehydrated acetonitrile and a home-build potentiostat employ-
ing a Keithley 2602B source measure unit and a National
Instruments USB-6351 card to measure the reference electrode
potential. Chemicals are purchased from Fluke. The sample
cleaning procedure after the TOABr/acetonitrile treatment
and before any other measurement is described in detail in
section 2 of the Supporting Information.
The standard XPS, XPD, and UPS measurements were

carried out in an ESCALAB 220,30 and the high-resolution
XPS data were recorded in the photoemission and atomic
resolution laboratory (PEARL) synchrotron beamline at the
Swiss Light Source (SLS).31 AFM data are acquired with PF-
HIRS tips in Peak Force tapping mode (Bruker Dimension
FastScan). The STM experiments were performed in a
variable-temperature scanning tunneling microscope (Omicron
VT-STM).
DFT simulations have been performed with the CP2K

code32 using the PBE-rVV10 density functional.33−35 The
ground-state calculations have been carried out with the
Gaussian plane wave method, the molecular orbitals of the
valence electrons are expanded into a combination of Gaussian
and plane waves, and the core electrons are treated using
Goedecker−Teter−Hutter pseudopotentials.36 For the Gaus-
sian basis set expansion, the valence orbitals have been
expanded into molecularly optimized DZVP basis sets for all
elements except Rh, where orbitals were expanded using a
molecularly optimized SZVP basis.37 For the auxiliary plane
wave expansion, a cutoff of 600 Ry has been used. The
calculation of the N, C, and B K-edges to reproduce the XPS
data has been achieved by applying the Gaussian augmented
plane wave method under the half-core hole approximation,38

where for the light elements (N, B, C, and H) all electrons are
explicitly considered (no pseudopotentials). The 6-311G** all-
electron basis sets were employed to expand the molecular
orbitals of the light elements in the Gaussian augmented plane
wave method for the K-edge calculations.
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