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raphene'~ is a novel zero band gap

semiconductor with high carrier

mobility,>* high optical trans-
parency,” and high tensile strength.® It is a
truly two-dimensional (2D) material, com-
posed of a single atomic layer of sp*
bonded carbons (Figure 1a). To facilitate
transport in graphene based devices, the
carrier concentration of the carbon layer
must be adjusted by shifting the Fermi level
of graphene's unique zero-gap band struc-
ture away from the Dirac point where the
density of states (DOS) is zero (Figure 1a).”
The desired rigid band shift can be induced
by electrostatic gating' or chemical dop-
ing® The latter is employed to enhance
graphene's conductive properties in appli-
cations such as transparent electrodes for
solar cells, which ideally would be formed
from two-dimensional metals.”'® In con-
ventional (3D) semiconductors, doping is
achieved by substituting charge-donating
species into the solid matrix. The binding
energy of the dopant Rydberg states is
reduced by the square of the dielectric
constant, thereby facilitating dopant ioniza-
tion at room-temperature. Graphene's two-
dimensional nature precludes this bulk
mechanism.

Graphene can be doped through a variety
of chemical means that preserve its sp?
lattice structure. Both hole (p) or electron
(n) doping can be achieved by contacting
the carbon layer with different metals.'""'2
Graphene grown epitaxially on SiC is natu-
rally n-doped,’® yet injecting or removing
carriers is possible by chemically treating
the substrate or graphene surface itself.'*'”
When an individual sheet is placed on Si or
SiO, substrates, dangling bonds at the sur-
face or unintentional exposure to oxygen,
moisture, or residuals from the transfer pro-
cess can lead to doping.'®”'? Other elements
(typically B or N) can be directly substituted
into the carbon lattice during the growth of
the layers donating or removing electrons from
the delocalized p,-band.?® ?* Alternatively
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ABSTRACT Graphene forms an important two-dimensional (2D) material class that displays
both a high electronic conductivity and optical transparency when doped. Yet, the microscopic origin
of the doping mechanism in single sheet or bulk intercalated systems remains unclear. Using large-
scale ab initio simulations, we show the graphene surface acts as a catalytic reducing/oxidizing
agent, driving the chemical disproportionation of adsorbed dopant layers into charge-transfer
complexes which inject majority carriers into the 2D carbon lattice. As pertinent examples, we focus
on the molecular ShCl; and HNO; intercalates, and the solid compound AlCl;. Identifying the
microscopic mechanism for the catalytic action of graphene is important, given the availability of
large area graphene sheets, to spur research into new redox reactions for use in science and

technology.

KEYWORDS: graphene - doping - ab initio simulations - redox reactions - catalysis

graphene can be doped through controlled
and scalable processes by the adsorption of
chemical species on its surface.* 2 This
latter method is a convenient way to en-
hance the electrical properties of carbon-
based electronics®**** and novel devices
exploiting graphene's sensitivity to changes
in its carrier concentration.*>*% The doping
process here is enabled by charge transfer
induced disproportionation reactions.>” We
will use large-scale ab initio simulation stud-
ies to elucidate the new physics of this novel
doping mechanism.

RESULTS AND DISCUSSION

For molecular adsorbates, we shall show
that the disproportionation/doping reac-
tionis initiated because graphene, function-
ing as a metal,*®*“° lowers the activation
barrier for the disproportionation of the
parent dopant compound. The chemical
origin of the weakened bond is an initial,
yet incomplete, charge transfer between

the adsorbed species and the graphene  *Address correspondence to

lattice which acts to destabilize the chemi-
cal integrity of the parent compound. This
destabilization facilitates the disproportio-
nation reaction into open-shell chemical
products that heavily dope the graphene
by injecting majority carriers to the carbon
lattice (Figure 1b).
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Figure 1. The doping mechanism in graphene: catalysis and disproportionation. (a) Atom-thick sp>-bonded carbon lattice of
graphene characterized by the linear E(k) dispersion relation. Electrons (or holes) transferred to the carbon layer shift the
Fermi level away from the Dirac point, shown as an energy shift in the carbon projected density of states (C-PDOS). (b) Closed-
shell molecular dopant destabilized by partial carrier transfer with the graphene surface (shown for the p-doping SbCls
complex as an example: Sb, brown; Cl, green). The parent compound dissociates into open-shell products which absorb
minority carriers from the graphene, highlighted in blue. (c) Graphene acting as a metal surface. Charge is transferred to (or
from) the dopant species as its distance from the surface decreases, altering the position of its valence energy level relative to
the graphene work function ®¢,. For p-dopants, the electron affinity E, increases as electrons are added to the valence level
(for n-dopants, the ionization potential I, decreases as electrons are removed). Degree of charge transfer is defined by the
final energetic alignment between ®¢, and the LUMO E; (or HOMO E},) level at equilibrium separation. (d) Charge transfer to

the graphene AQg, as a function of reaction coordinatg. In this case, R, the bond length between a Cl and the Sb in an
SbCls molecule suspended at its equilibrium height (3 A) above a graphene plane. The dashed line Ry,onq indicates the

equilibrium bond length.

When a closed-shell p-dopant having a lowest un-
occupied molecular orbital (LUMO), approaches the
graphene surface (Figure 1c), the electron affinity level
E, = Evacuum — E. is lowered by the image force
E,— E,(2), which in linearized Thomas—Fermi approx-
imation has the asymptotic form,

e2

0(5—2
4Z+(7(z ) (1)

Eim(2) = E(e0) —
where e is the elementary unit of charge and z is the
height of the adsorbate above the graphene plane.*'*?
In the conventional Newns—Anderson model,”*™* the
lowering of the LUMO is also accompanied by a broad-
ening due to the interaction with the low-lying energy
bands of a transition metal substrate. This combined
effect allows partial charge to transfer to the adsorbate
as it approaches the surface.3®***> Furthermore, in the
chemisorbed limit, strong interactions with the narrow
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metal d-band lying close to the Fermi energy tend to
cause splitting of the hybridized adsorbate—substrate
levels into bonding and antibonding pairs.**~*" Gra-
phene lacks this narrow d-band feature and the fore-
going partial filling of the of the adsorbate levels seems
to provide an adequate description for the dopants
that will be considered here. However, the formation of
strong covalent bonds on the surface as in graphane*®
and graphene-oxide®® shows that for small atoms at
short bond lengths, a version of the Newns—Anderson
model may be applicable.

For n-dopants with an highest occupied molecular
orbital (HOMO), the hole-density has a similar but
mirrored affect on the HOMO energy level, lowering
the ionization potential /, of the adsorbed species
(Figure 1c). In this case, charge flows to the graphene
from the dopant as the HOMO level nears the gra-
phene Fermi energy. In the case of dopants such as
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alkali metals, their ionization potential in monatomic
form is already low enough for significant charge
transfer to occur in the absence of any dissociative
degree of freedom.

For molecular p-doping adsorbates, the initial
charge transfer into the dopant LUMO level destabi-
lizes the dopant compound driving the reaction co-
ordinate toward disproportionation. We exemplify this
in terms of a lengthening of a bond coordinate R
leading to dissociation (Figure 1d); the charge transfer
from graphene increases as the bond dissociates.
Charge also flows via tunneling as the height of the
dopant is varied from the surface (see the online
Supporting Information). Upon dissociation, the LUMO
is pushed far below the level of the graphene work
function.?” The degree of charge transfer from the
carbon layer is governed by the final energetic align-
ment of the graphene work function and the dopant
LUMO E, level at equilibrium separation. Chemically,
this transfer in surface-doped graphene systems is
driven by an effective 2D surface-induced electrone-
gativity equalization principle (2SEE). Graphene's un-
ique electronic properties are sensitive to any
subsequent changes in its carrier concentration, be-
coming more metallic with any rigid band shift to
which the 2SEE mechanism naturally leads. That is,
graphene functions as a novel 2D surface catalyst,
facilitating the disproportionation of adsorbed dopant
layers into charge transfer complexes which in turn
strongly dope, but (ideally) have no other effect on the
graphene.

Enhancing material properties through adsorption
or by intercalation, that is, the insertion of chemical
species into the lamellar matrix of layered compounds,
was used as early as 700CE to augment the strength
and transparency of Chinese porcelain.”®®' Interca-
lates have since been employed to tailor the electronic
properties of graphite, increasing the inplane conduc-
tivity of this semimetal to near copper values.>’ ~>° The
intercalation process typically proceeds under harsh
chemical conditions, high temperatures, and/or pres-
sures. It is unclear whether edge interactions with the
graphite material, the inordinate environment of the
process, or the surface of the carbon layers drives the
disproportionation reaction.>* In contrast to graphite,
graphene allows for assembly of intercalated systems
in which experimental studies can be performed under
mild conditions by stacking individually grown gra-
phene sheets that have been immersed in a chemical
bath of the intercalate species (typically strong Lewis
acids). Such few-layered assemblies are required in
transparent electrode applications. In the following,
we use ab initio simulations to track the emerging
open-shell molecular complexes for two molecular
based p-doping intercalates, SbCls and HNO3, on gra-
phene. We demonstrate the spontaneous dispropor-
tionation of the bulk parent compounds when they are
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placed between graphene bilayers following the me-
chanism described above. We also investigate the
disproportionation reaction involving the solid com-
pound AlCls.

A common graphitic intercalate used recently as a
dopant in carbon-based electronics is composed of
antimony—chloride molecular complexes.®**¢ The
parent compound of this intercalate is the strong Lewis
acid SbCls. In graphite, the fluidlike intercalate layer is
composed of a mixture of open- and closed-shell
antimony species including SbCls, SbCl,, and SbCle.>”
Antimony can accommodate such diverse bonding
configurations because of its ability to form sp3d”
hybridized orbitals, where n =0,1,2. We track in a clean
fashion the emergence of open-shell entities by per-
forming a 30 ps room temperature simulation of an
SbCls:Cy4 bilayer system (see the Supporting Informa-
tion video 1). We observe the spontaneous transfer of a
chlorine atom from one SbCls unit to another under the
catalytic action of the carbon sheet. The graphene
induced disproportionation of SbCls is observed to
follow the reaction known to occur in bulk graphite,>*

6SbCls + Cgq — Ca, (2SbCly ) + SbCl3 +3SbCls  (2)

In Figure 2, we quantify the degree of charge transfer
from the graphene lattice as the disproportionation
reaction proceeds. A snapshot of an undissociated
sample (Figure 2a) shows in its corresponding pro-
jected density of states PDOS (Figure 2b) that the
parent SbCls compound absorbs only a small fraction
of charge from the graphene layer. As the reaction
progresses, the chlorine atoms, destabilized by this
initial transfer of electron density, form a chlorine
bridge between two SbCls entities (Figure 2c), increas-
ing carrier injection to the graphene (Figure 2d). Stable
SbClg complexes are formed after the simulation equi-
librates (Figure 2e). The electronic structure of the
resulting dissociated intercalate layer (Figure 2f) has
the usual features of strong graphene p-doping:*® the
LUMO of antimony-chlorides at the Fermi level of the
system is 0.8 eV below the Dirac point of graphene,
facilitating the electron transfer from the carbon lattice.

The progressive degree of p-doping of the carbon
lattice by the initial undissociated molecular layer
(AQg, = +0.2e/84C), through to the bridged structure
(AQg, = +0.5e/84C), and onto the final dissociated
products (AQg,=+1.6e/84C) as shown in Figure 2a—f,
is in line with the 2SEE principle: Carrier transfer to the
graphene increases as the parent compound dissoci-
ates and the valence band of the dopant falls progres-
sively below the Dirac point of the graphene. The
SbCls system exhibits spontaneous charge-induced
disproportionation driven by the 2SEE principle, result-
ing in significant doping of the graphene. Our results
demonstrate the dynamic nature of this intercalate
layer as (energetically favorable) open-shell molecular
species form on the graphene surface. Also of note,
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Figure 2. Graphene driven dissociation of adsorbed SbCls. (a) Undissociated SbCls complexes in a graphene bilayer (top
carbon layer not shown): Sb, brown; Cl, green; graphene, wire mesh. (b) Projected density of states (PDOS) of panel a showing
unperturbed but slightly doped (+0.2e charge on graphene) carbon PDOS and the HOMO (H) and LUMO (L) positions of the
dopant layer. LUMO level aligned near Dirac point at Fermi energy. (c) Chlorine bridge forms spontaneously between two
SbCl; complexes after 8 ps of simulation; intermittent step in formation of stable open-shell complexes. (d) PDOS of panel ¢
showing increased +0.5e charge transfer from graphene. LUMO level lies 0.5 eV below Dirac point. (e) Equilibrated
configuration showing stable open-shell complexes SbCls have formed via the disproportionation reaction given in text. (f)
PDOS of panel e showing maximal charge transfer from graphene +1.6e due to low lying LUMO level 0.8 eV below Dirac point.

open-shell products of the SbCls intercalate do not
form in a cluster-phase (graphene-free) simulation of
comparable duration.

Nitric acid (HNOs) is another example of a classic
graphitic hole-donor that has recently been used to
dope graphene for photovoltaic applications.3* To study
this system, we equilibrate a sample of nitric acid
molecules placed in a graphene bilayer at the fre-
quently cited experimental density of HNO;:C5.>*%%>°
In an undissociated configuration, the HNO3 molecules
form an incommensurate hydrogen bonded network
between the graphene sheets (Figure 3a and the X-ray
diffraction data in Figure 3b). The corresponding elec-
tronic structure analysis (Figure 3c) shows that only a
slight charge transfer from the carbon layer occurs for
this sample. All molecular orbitals of the intercalate
molecules are completely filled, the highest band of
which (HOMO) lies 2.3 eV below the Fermi level, and
2.5 eV below the Dirac point within the local spin density
approximation (LSDA). The LUMO is concomitant with
the Dirac point, and hence, in an energetically unfavor-
able position to accept carriers from the carbon lattice.

NISTOR ET AL.

The direct energetic barrier for the dissociation of nitric
acid along the HO—NO, path is high, 3.5 eV within
LSDA compared to the experimental 3.2 eV, and is
reduced (quite significantly) by the presence of the
graphene sheet (2.5 eV). Yet, to drive the spontaneous
disproportionation of this p-dopant during the time
scales available in our simulations, we either alter the
initial torsional angle of each HNOs; molecule (+-0.4 eV/
molecule), or add a single oxygen molecule to the
initial intercalate layer (see the online Supporting
Information video files 2 and 3). The resulting analyses
of the products produced by the two initial conditions
both generate the NO3 moiety responsible for strongly
doping the graphene. Equilibration of the former initial
condition leads to the 2SEE driven disproportionation
of the system (Figure 3d) given by

10HNO3 4 50C — (6HNO3)2NO; C.f) + 2NO, + 2H,0
(3)

which is in line with experimentally reported bulk
graphite reaction,***® and X-ray diffraction data
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Figure 3. Dissociation of nitric acid on graphene. (a) Undissociated configuration of hydrogen bonded HNOs network in a
graphene bilayer (top carbon layer not shown): N, blue; O, red; H, white; graphene, wire mesh. (b) Bulk XRD spectra of
configuration shown in panel a. (c) PDOS of panel a showing alignment of LUMO (L) level of HNO; layer and graphene Dirac
point with little charge transfer from the carbon layer. (d) Dissociated HNO; configuration with strongly doping NO3 moiety
(bonds colored yellow). Also present are NO, and H,O0 complexes (bonds colored green). (e) Bulk XRD spectra of dissociated
HNOs layer shown in panel d with prominent (002) peak at 26 = 22.5 and showing enhanced (001) peak at 26 = 11.3 in
agreement with experimental data. (f) PDOS of panel d showing large charge transfer to carbon layer +0.7e. LUMO of

dissociated HNO; layer lies 0.6 eV below Dirac point.

(compare Figure 3e with Figure 3b); a strong (002) peak
appears at 20 = 22.5, and the (001) peak at 11.3 is
enhanced.”® The position of the Dirac point of the
carbon PDOS (Figure 3f) is shifted to higher energy
relative to the Fermi level of the system, indicative of p-
doping. The LUMO of the intercalate layer lies 0.7 eV
below the Dirac point, allowing for significant transfer
from the graphene sheet, but only following the dis-
sociation of the parent compound.

As a final example of a 2SEE driven disproportiona-
tion on graphene, we investigate the doping mechan-
ism of a common nonmolecular salt, AlCl;.>*%% A single
layer of the AICl; crystal can be lattice-matched to a
graphene cell with a resultant density of Al:Cg s (see
the online Supporting Information). Upon thermaliza-
tion, the AlCl; compound retains its stable bulk crystal
structure (see Figure 4a and the X-ray diffraction data in
Figure 4b). The resulting electronic structure analysis
(Figure 4c) shows no charge transfer to the graphene
layer occurs, the LUMO of the salt lying a full 2 eV above
the Dirac point. Significant doping of the graphene
layers in this material can only be achieved by reducing
the aluminum concentration of the initial compound,®
essentially creating aluminum vacancies between the
graphene layers. The excess chlorine allows the strong
doping AICl; moiety to be formed within the solid
intercalate layer. The aluminum depletion realizes the
disproportionation reaction involving the crystal, gra-
phene, and residual chlorine gas of the environment in
which intercalates are synthesized experimentally.>>>*

NISTOR ET AL.

We can construct such an aluminum depleted config-
uration from a reaction of the form,

4(Al,Clg)g + 3(Cly)g + Cso — [(8Alg.75Cl3),4,Csp] + (AlCle)g
(4)

the quantity in square brackets representing the
adsorbed (ads) configuration of interest (Figure 4d).
Following this reaction, the dopant density becomes
Al:Cg 33, a best match to the experimentally reported Al:
C,5%" or Al:C,0,>® given the limitations of the simulation
system size. Such aluminum depletion of the interca-
late compound is in agreement with experimental
X-ray diffraction data; the height of the (003) peak
increasing relative to the (002) peak (compare Figure 4b
and 4e).>*%'53 The resulting electronic structure analysis
of the aluminum-depleted configuration (Figure 4f)
shows a significant charge transfer from the graphene
layer occurs, the LUMO of the salt lying 1.0 eV below
the Dirac point.

Simulations of intercalated graphene systems have
demonstrated that the graphene surface acts as a
generalized reducing agent, driving the disproportio-
nation of closed-shell parent intercalated compounds
into charge-transfer complexes which thereby dope
the carbon lattice. The disproportionation reaction is
initiated by an image-force lowering of the molecular
affinity level (see eq 1) allowing charge to more
easily flow from the carbon layer. For the molecular
intercalates examined (SbCls and HNO3), the graph-
ene sheets function as charge reservoirs, donating
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Figure 4. AICl; doping of graphene. (a) Lattice matched cAlCl; single layer in graphene bilayer (top carbon sheet not shown):
Al, gray; Cl, green; graphene, wire mesh. (b) Bulk XRD spectrum of configuration shown in panel a displaying higher intensity
(002) peak at 260 = 18.5 compared to (003) peak at 26 = 28.5. (c) PDOS of AlCl; salt showing no doping of graphene as LUMO (L)
level lies 2 eV above Dirac point. (d) Aluminum deficient configuration cAl, ;5Cls. (e) Bulk XRD spectrum of configuration
shown in panel d with more prominent (003) peak, in line with experimental trend. (d) PDOS of panel d showing large charge
transfer to the graphene sheet +1.4e as the LUMO of the aluminum depleted salt lies 1.0 eV below the Dirac point.

electrons to the adsorbed species, destabilizing their
bonds, and lowering the activation barriers for disso-
ciation. No intermediate functionalization involving
the graphene is necessary for the reaction to proceed.
Rather, graphene's role as a metallic surface (albeit, a
two-dimensional one) facilitates disproportionation
and charge transfer as shown in Figure 1b. For the salt
(AlCl3), we find a cation deficiency is necessary for
doping, which is typically achieved experimentally

METHODS

The simulations presented herein were performed with
Car—Parrinello ab initio molecular dynamics (CPMD)%® using a
plane-wave representation of the Kohn—Sham orbitals in the
density functional theory (DFT).%%%” DFT is currently the most
tractable way of solving the time-independent Schrodinger
equation for large systems, reducing a 3n many body problem
(3 spatial degrees of freedom given n electrons) to just the 3
spatial degrees of freedom of the electron density. For dy-
namics, the electronic states and classical nuclear coordinates
were propagated within the canonical ensemble using a time
step of 0.0625 fs and Nosé-Hoover chain thermostats®® to
ensure a constant temperature of 300 K. The dynamics simula-
tions were performed using the OpenAtom software package®®
on 2048 nodes of IBM's T. J. Watson BlueGene/L supercomputer.
The Perdew—Zunger local density approximation (PZ-LDA)”°
was used to model electronic exchange and correlation effects
since it gives artificially stronger binding between molecular
entities and the graphene surface compared to generalized
gradient approximation (GGA) functionals. The pseudopoten-
tials used in the dynamics were of the Martin—Troulliers type.”’
Simulations were performed with a minimum cutoff energy of
30 Ry at the T" point. Electronic structure calculations were
performed with the Quantum Espresso software package’? on
relaxed configurations obtained from the dynamics results. A

NISTOR ET AL.

by forming the intercalate in an atmosphere rich
in the molecular form of the anion (Cl,); this chem-
istry is simply another disproportionation reaction.
Understanding the microscopic origin of the cataly-
tic action of graphene and wide availability of large
sheets of graphene®* allows the possibility for a new
set of catalytic reactions with important applications
in biology, chemistry as well as engineering and
technology.

plane-wave energy cutoff of 60 Ry (816 eV) and 9 x 9 x 1 k-point
grids were used for the initial self-consistent calculations. The
density of states (DOS) were calculated with 15 x 15 x 1 dense
k-point grids. Ultrasoft pseudopotentials’® were used when
possible except for antimony (Sb) and chlorine (Cl) which were
of the norm conserving Bachelet—Hamann—Schliiter type.”*
Both LDA and GGA functionals yielded similar DOS results.
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