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Graphite nanoparticles are important in energy materials applications such as lithium-ion batteries (LIBs),
supercapacitors and as catalyst supports. Tuning the work function of the nanoparticles allows local
control of lithiation behaviour in LIBs, and the potential of zero charge of electrocatalysts and
supercapacitors. Using large scale density functional theory (DFT) calculations, we find that the surface
termination of multilayer graphene nanoparticles can substantially modify the work function. Calculations
in vacuum and in electrolyte show that manipulating the edge termination substantially modifies the
potential not only around the edge, but also on the basal plane. Termination with hydrogen or oxygen
completely reverses the potential distribution surrounding the basal plane and edges. The trends can be
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explained based on the work function differences of the edges dependent on termination, and that of the
basal plane. Electronic equilibration between different surfaces at the nanoscale allows manipulation of
the work function. We demonstrate a link between the area of the graphite basal plane via changing the
nanoparticle size, and the work function. We expect that these insights can be utilised for local control of
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1 Introduction

Graphite is ubiquitous as the anode material of choice in
lithium ion (Li-ion) cells. Ordered lithium-graphite stages
affect the cell voltage’™ and limit the rate of insertion of
lithium into/deinsertion out of graphite.>” The rate of inser-
tion and removal of lithium from graphite at the edges of the
particles is an additional major performance bottleneck and is
related to the electronic behaviour at those edges,® where
lithium insertion initially occurs, motivating a detailed study
of the effect of different graphite edges. It is expected that
graphite nanoparticles show different behaviour dependent on
the nature of the graphite edge termination. In particular, the
potential distribution around the particle is expected to be
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electrochemical functions of graphite nanoparticles prepared under oxidising or reducing conditions.

different dependent on the termination, and this effect needs
to be understood in detail to systematically understand
and control the electrochemical behaviour of graphite nano-
particles at a local level. Despite the apparent importance of
the graphite edges to the electronic and electrochemical
behaviour of graphite, only a handful of works have system-
atically investigated the influence of edge morphology of gra-
phite on lithium (de)insertion through experiment.®*° It would
be highly advantageous to develop more systematic under-
standing of edge termination and its effects on the work
function.

Additionally, graphite (and graphene) nanoparticles have
applications in supercapacitors'"'*> and as electrocatalysts.">"*
In these applications it is also important to locally control the
electronic properties in the immediate vicinity of the particles. As
an example, the effect of varying the work function on the oxygen
reduction reaction (ORR) has been explored.” Previous work
found a link between the activity for vanadium oxidation and
the work function of different graphite felt electrodes, dependent
on edge termination.” For these applications it is also important
to achieve local control of the potential distribution surrounding
the particles. Although much attention has been dedicated to the
effect of different adsorbates on the basal plane and their
associated effects on electronic behaviour,'®™*® there has so far
been little exploration of the effect of different edge terminations
and in particular, the effect of varying the nanoparticle size to
locally adjust the electronic properties.
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The edges of graphite nanoparticles can be terminated by
different groups. In the present work, we focus on termination
either by hydrogen- or oxygen-containing groups, representing
models of the termination dependent on the precise nature of
the synthesis environment.® The nature of the termination (H-
or O-) could affect the surrounding potential distribution
around a graphite nanoparticle. This effect needs to be under-
stood in detail to locally manipulate the electrochemical beha-
viour of graphite in lithium-ion batteries, supercapacitors, and
electrocatalysts. It is expected that graphite nanoparticles will
show a dependence of the work function on particle size, since
the exposed area of the basal plane with respect to the edge
group varies with size, providing an important means to locally
tune electrochemical performance by varying the particle size.

The dependence of the work function on particle size has
been explored in spherical systems,**** in which the work
function is found to scale inversely with the particle radius.”®
It is not obvious how the work function of a particle surrounded
by two or more types of surface, such as graphite or graphene
nanoparticles, would scale with particle size. Such particles are
bounded by different surfaces, each of which may have a
different work function. To tune and optimise graphene nano-
particles in the above application areas, it is necessary to model
the potential distribution dependent on particle size and termi-
nation and to correlate these trends with the work function.

The present work investigates from first principles calcula-
tions, the effect of the edge termination and size of graphite
nanoparticles on the work function. We exploit and showcase
recent developments in the linear scaling DFT code ONETEP, to
perform calculations on graphite nanoparticle systems that would
be impractical using conventional DFT. In particular, the implica-
tions of edge of termination on the surrounding potential dis-
tribution are explored and explained. Following on from this, the
effect of the graphene nanoparticle size on the work function is
determined. Finally, we discuss the implications of these trends
for electrochemical energy materials applications.

2 Computational methods
2.1 Electronic structure calculations

Calculations were performed using the ONETEP DFT program,
which has a linear-scaling computational cost with the number
of atoms, allowing quantum mechanical simulations of large
nanoparticles.** 2 The basis set consists of psinc functions
which are equivalent to plane waves.?” The kinetic energy cutoff
for the basis set is 1000.0 eV. A radius of 8.0q, is used for the
localized orbitals (which are non-orthogonal generalized Wan-
nier functions).”® An ensemble DFT method with Fermi-Dirac
smearing was used with spin-polarisation enabled for all
calculations.> To model the point charges of ionic cores in
DFT, we use norm-conserving pseudopotentials,*”" generated
using CASTEP.*?> The DFT-D2 method was employed to describe
van der Waals interactions.>?

DFT simulations in an electrolyte environment were
performed using a Poisson-Boltzmann electrolyte model.**3*
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The electrolyte is 1.0 M LiPFy in ethylene carbonate solvent
(EC), which is commonly used in Li-ion batteries. The non-
homogeneous Poisson-Boltzmann equation,

V-[e(r)V$(r)] = —4np(r), )

is solved for the total electrostatic potential, ¢(r), due to a
charge density, p(r), in a solvent of permittivity, &(r), using a
bespoke multigrid library DL_MG.?**?” The total charge density,
p(r), includes the electronic charge density, p.(r), the charge
density due to ionic cores, pnuc(r), and that due to mobile
Boltzmann electrolyte ions, pmop(r) = 2A(r)sinh(—pé(r)). To
address the singularity due to Dirac delta functions on a grid,
the ionic point charges {Z;} are modelled as smeared Gaussians,

Nat

pas)=3° Zen(EE).

with a smearing width, ¢ = 0.4a,.*® The effect of different values
of ¢ on the calculated potential is shown in the ESLf{ The
dielectric permittivity ¢(r) of the EC solvent is described using
the soft-sphere model,*>*® with a bulk permittivity of 90.7,*'
and a surface tension of 0.0506 N m~',*> were used as input
parameters as per experimental values. Soft-sphere radii of
3.907a, for C, 3.311a, for O and 2.644a, for H are used, as
calibrated from the reduction potential of standard reference
electrodes (see Tables 2 and 3 of ref. 43). The electrolyte
accessibility function A(r) is also described using soft-
spheres.®® The radius of the soft spheres is calibrated to yield
realistic activity coefficients of LiPF, in EC.*® All calculation
files are provided for reproducibility of results.

2.1.1 Structural model of graphite basal planes. Calcula-
tions of the graphite basal plane were performed by construct-
ing a four layer slab of graphite separated by vacuum padding
of 12 A along the [001]-direction, as shown in Fig. 1. The
crystallographic axes defined for this system are also used for
the planar edge calculations and for calculations of the gra-
phite nanoparticles, where the cell vectors a, b, ¢ are orthogonal
to one another and lie parallel to the [100], [110] and [001]
directions, respectively, of the hexagonal graphite lattice. A
total of 128 atoms were used in the unit cell, with the initial
geometry constructed using the relaxed bulk geometry of

Basal plane

Fig. 1 Structural model of the periodic 4 layer graphite slab. Vacuum
padding was inserted between the top and bottom graphene layer along
the [001]-direction; periodic boundary conditions are observed along all
three axes.
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graphite. Note that, due to the lack of k-point sampling in
ONETEP, a larger supercell than the primitive one was used for
these calculations.

2.1.2  Structural model of planar edges. The relevant graphite
edges are shown in Fig. 2. With armchair edges being energeti-
cally more favourable than zigzag edges when hydrogen
terminated,” the study focuses on the armchair edge. O-
terminated armchair edges are also investigated within this work.

Slabs were cut from fully relaxed bulk graphite with an AB-
stacking to construct periodic models of the armchair edges.
Calculations were performed with H- or O-termination of
armchair graphite edges. Pristine armchair edges were mod-
elled using cells with a = 60.0 A, b = 12.784 A, ¢ = 8.532 A, as
basis vectors, with 352 carbon atoms and 32 H/O atoms in the
cell. Both cells were constructed with orthogonal basis vectors.
While a minimum of two layers of graphene is required to
replicate the AB-stacking of pristine graphite found experimen-
tally, edge cells comprised four AB-stacked graphene layers in
each cell to ensure accurate calculations with a single k-point as
implemented within ONETEP. For all edge calculations, a
vacuum layer of 23 A along the [100]-direction was used to
minimise interactions between periodic images. Cell geome-
tries are shown in Fig. 2.

Atomic distances and cell geometry were obtained using
the relaxed AB graphite cell geometry obtained from DFT. The
volume and shape of the cell were kept fixed, but all the ions
were allowed to relax until reaching the default force and
energy convergence criteria.

2.1.3 Structural model of nanoparticles. Nanoparticle ana-
logues to the planar edge systems in the previous section were
constructed. Pristine nanoparticles consisted of 580 carbon
atoms and 132 terminating atoms (either hydrogen or oxygen),
as shown in Fig. 3. The diameter of the particle measured along
the [110]-direction was 2.5 nm. The size of the unit cell for the
electrolyte calculations was set to be 52.918 x 52.918 x 52.918 A®,
Due to the absence of electrostatic screening by the electrolyte for
the vacuum calculations, a larger unit cell of 105.835 x 105.835 x
105.835 A® was used for the vacuum calculations.

Additionally, the effect of nanoparticle size was examined.
Particles with H-termination were constructed with 2728, 5600
and 10148 total atoms in the unit cell. The diameter of these

O-armchair
[001]

H-armchair
(a) (c)

[100]

Fig. 2 Fully relaxed unit cells of AB-stacked armchair-edged graphite
systems with (a) and (b): H-termination; (c) and (d) O-termination. In these
systems, vacuum padding was employed along the [100]-direction. Cells
are fully periodic in all 3 dimensions.
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(b)

H-armchair

[100]

O-armchair

[100] Q—L

[110]

Fig. 3 Fully relaxed unit cells of (a) and (b): H-terminated nanoparticles
and (c) and (d): O-terminated nanoparticles. Geometries correspond to
those obtained in vacuum; geometries obtained in electrolyte are shown
in the ESI, 1 Fig. S1. The line in (a) shows the position of the cross-sectional
plane that was used for determination of the potential and charge
distributions; the cross-sectional plane is perpendicular to the plane of
the page. The graphene nanoparticles are surrounded by either vacuum or
implicit solvent, in all three directions.

particles, measured along the [110]-direction, was 5.0 nm,
7.5 nm and 10.0 nm, respectively. These calculations were only
performed in vacuum, within a 158.75x 158.75 x 158.75 A® unit
cell. Calculation results were compared with the 712 atom cell,
recalculated within the 158.75 x 158.75 x 158.75 A® unit cell.
The relaxed geometries for these nanoparticles are provided in
the ESI, Fig. S2.

3 Results

3.1 Potential distributions around edged nanoparticles

Cross-sections of the potential distribution around graphite
nanoparticles are shown in vacuum (Fig. 4) and in electrolyte
(Fig. 5a—c). In the presented figures, the potential was obtained
by taking a cross-section through the mid-point of the [110]-
axis. As such, the plane shown in the figures intersects mid-way
through the graphite nanoparticle, with the [100]-axis perpendi-
cular to two of the armchair edges of the nanoparticles, and the
[001]-axis perpendicular to the graphite basal planes. For the
vacuum calculations, the reference potential infinitely far away
from the nanoparticle is zero.

In vacuum, there is a marked difference in the surrounding
potential distribution for a H-terminated particle, Fig. 4a, and
an O-terminated particle, Fig. 4b. Following the [001]-direction
from the top to the centre of Fig. 4a, the electrostatic potential
becomes more negative as the basal plane of graphite is
approached, until reaching the carbon ionic cores. However,
the potential just to the right of the H-terminated armchair
edge is slightly positive, and moving away from the nanoparti-
cle edge along the [100]-direction, the potential decays towards
zero. Consequently, there is a negative potential on the surface
of the basal plane, but a positive one close to the edge. On the

Phys. Chem. Chem. Phys., 2024, 26,16175-16183 | 16177


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01079e

Open Access Article. Published on 14 May 2024. Downloaded on 3/3/2026 2:17:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
1.00
1001(a)  H-armchair
80 - 0.75
<L
= 50
— 0.50
O 40
=
201 0.25
0
1001 () O-armchair| | [**
80
o -0.25
— 604
—
8 401 -0.50
20
-0.75
0 , , , . -
0 20 40 60 80 100
1001 (A) o v

Fig. 4 Cross sectional potential profiles of armchair-edged graphite nano-
particles in vacuum. (a) H-Terminated nanoparticle; (b) O-termination. The
nanoparticle geometries correspond to those shown in Fig. 3. Numerical
values of the potential (in V) are indicated in the key on the right.

other hand, for the O-terminated particle, the potential dis-
tribution follows the opposite tendency: it is positive close to
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Fig. 5 Cross-sectional potential profiles (a) and (b) and charge densities
(c) and (d) of graphite nanoparticles in 1 M LiPF¢ in EC. Potential profiles of
nanoparticles with: (a) H-termination; (b) O-termination. The nanoparticle
geometries correspond to those shown in the ESI, Fig. S1. Numerical
values of the potential (in V) are indicated in the key on the left. Total
charge densities of (c) H-armchair; (d) O-armchair, where the charge
density (units x 107% e A=) is as indicated in the scale along the right.
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the surface of the basal plane, while being slightly negative
close to the oxygen terminated edge.

The trend in the potential distributions in electrolyte, shown
in Fig. 5a-c, is qualitatively similar to the one obtained in
vacuum. The most notable difference results from electrostatic
screening by the electrochemical double layer in the electrolyte.
Consequently, considering the potential variation from the
basal plane and edged surfaces of graphite, the potential decays
towards zero over a much shorter length scale than in vacuum.
Because all electrolyte calculations were performed without an
externally applied potential, the reference potential is the
potential of zero charge (pzc). Therefore, similarly to the
vacuum calculations, the reference potential infinitely far away
from the nanoparticle is zero.

Plots of the total charge density in electrolyte are shown in
Fig. 5c and d. The charge in the electrolyte double layer
electrostatically screens the charge on the electrode surface.
The figures indicate that positive electrolyte charge density
accumulates around the basal plane when the edges are H-
terminated (Fig. 5¢). Conversely, negative charge accumulates
in the electrolyte around the basal plane when the edges are O-
terminated (Fig. 5d).

3.2 Mulliken charge analysis

To gain more insight into the charge distribution inside the
graphite nanoparticles, Mulliken analysis of the charge density
distribution was performed. This enables the charge density on
the atoms of the nanoparticles to be evaluated without the
additional screening from the electrolyte. The analysis is shown
in Fig. 6.

Firstly, we observe that the charge on the surface atoms (H
or O) has the opposite sign compared with the electrolyte
charge distributions around the edges (¢f Fig. 5c¢ and d),
because the surface charge is electrostatically screened by the
electrochemical double layer when the nanoparticle is
embedded in electrolyte.

For the H-armchair nanoparticle, electrons are transferred
from the H atoms to the nearest neighbour carbon atoms,
resulting in the surface H atoms being uniformly positively
charged (Fig. 6a).

The O-armchair edge shows the opposite tendency in
vacuum, with electron transfer from the outer carbon atoms
to the surface oxygen atoms (Fig. 6b). In vacuum, slightly more
electrons accumulate at the corners of the nanoparticle com-
pared with the edges, resulting in some dependence of the
charge density on angle.

Qualitatively similar behaviour is observed for the O-
armchair edges in electrolyte (Fig. 6d), but some differences
are observed compared with the results in vacuum. The con-
trast between the charge on the corner and edge oxygen atoms
is more pronounced compared with vacuum due to higher
charge polarization in electrolyte. Additionally, there is a
slightly different bonding arrangement of the surface oxygen
atoms in electrolyte.

Differences between the charge distribution near the atoms
in vacuum and in electrolyte also lead to differences in the

This journal is © the Owner Societies 2024
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Fig. 6 Mulliken charge analysis of edged graphite nanoparticles. The
nanoparticle geometries correspond to those shown in Fig. 3 (in vacuum)
and Fig. S1 (ESIt) (in electrolyte). As shown in the key on the right, red
indicates accumulation of positive charge while blue indicates negative
charge accumulation. (a) and (b) Calculations in vacuum for (a) H-
armchair; (b) O-armchair. (c) and (d) Calculations in electrolyte, as labelled
at the top of the figure.

potential and charge density in these two environments, as
shown in the ESL Fig. S3 and S4.

3.3 Effect of particle size on the potential

Results for the H-armchair particle are shown, in vacuum,
dependent on the particle size in Fig. 7. As in the previous
sections, the figures represent a cross-section of the
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potential taken perpendicular to the basal planes of the
nanoparticles.

Results indicate that the potential becomes more negative
near the basal plane as the particle size increases in diameter
between 2.5 nm to 10.0 nm. The potential decays towards the
vacuum level over a longer length scale along the [001] direction
with increasing particle size. It can also be observed that the
potential in the vicinity of the edge becomes less positive with
increasing particle size, and decays towards the vacuum level
along the [100] direction with a shorter length scale. It is
therefore expected that the work function will vary with the
particle size, as presented in the next section.

3.4 Determination of the work function

To interpret the potential distributions and charge densities of
the nanoparticles presented in the previous sections, it is
helpful to consider two periodic planar systems: the edged
graphite systems already introduced above, and 4 graphene
layers separated by vacuum.

Values of y(r) are plotted below in Fig. 8 in vacuum, where

Y(r) = —ed(r) — Er. €)

In eqn (3), ¢(r) is the planar averaged potential as a function
of the distance, r, through the slab and Er is the Fermi level.
Therefore, in the vacuum region, y(r) is equivalent to the work
function. Results for the graphite edged system are shown in
Fig. 8a; results for the basal plane are in Fig. 8b.

Comparing the two pristine edges in Fig. 8a, it is found that
the O-terminated edge has a much higher value of y(r) in the
vacuum region than the H-terminated edge. As for the basal

(b)
£ c £
(= c o
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v L =
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ol (@) (f) (9)
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()
8 40 -0.5
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Fig. 7 Effect of varying nanoparticle size on the potential distribution, for particles terminated by H. (a)-(d) Top down view of the particles, where the
maximum diameter of the particle (along the [110] direction) is indicated. (e)-(h) Cross-sectional potential profiles. The total number of atoms was (a) and

(e) 712; (b) and (f) 2728; (c) and (g) 5600; (d) and (h) 10 148.
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Fig. 8 (a) Planar averaged potentials along the [100]-axis, in vacuum, for

graphite edged systems with H-termination and O-termination, as indi-
cated in the legend. (b) Planar averaged potentials along the [001]-axis of
the planar graphite system, i.e. perpendicular to the basal plane. In (b),
coloured dashed lines show the value of the work function for selected
armchair edge systems, labelled with the same colour scheme as in (a). The
key on the right shows the directions in (a) and (b).

plane shown in Fig. 8b, y(r) lies midway between the pristine
H-armchair and O-armchair edges, implying that the work
function of the basal plane lies in between the H-terminated
and O-terminated edges, with the H-terminated edge having
the lowest value for the work function.

In principle, for the nanoparticle systems, the potential
would tend to zero infinitely far away from the nanoparticle,
and the work function of these systems in vacuum could be
approximated by

Y(r — ) = —Ex, (4)

where r is the distance away from the nanoparticle. However, it
was not practical to compute properties for an infinitely sized
particle, and therefore eqn (3) was also used to compute the
work functions of the nanoparticles. To account for the angular
dependence of the potential surrounding the nanoparticle, ¢(r)
was averaged over two points at the boundary of the simulation
cell (further details in the ESI, T Fig. S5). This analysis was done
for multiple simulation cell sizes and the same value of the
work function, i, was obtained, regardless of the simulation
cell size.

All work function values obtained from the work are tabu-
lated in the ESI,{ Table S1.

3.5 Variation of work function with particle size

Work function values of the planar systems, obtained from
eqn (3) in the vacuum region, are shown in Fig. 9.

The results in Fig. 9 indicate that the work function of the
H-armchair nanoparticles lies between that determined for
the basal plane (y = 4.15 eV) and the planar H-armchair edge
(¥ = 2.89 eV). Furthermore, as the particle size increases the
work function tends towards that of the basal plane.
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Fig. 9 Dependence of the work function of H-terminated graphite par-
ticles on particle diameter along the [110]-direction. Results are compared
with the work function of the basal plane and that of the planar H-armchair
edge, which are represented by solid lines.

Different potential values were determined in vacuum and
in electrolyte, which arose due to approximating the ionic cores
in the electrolyte simulations with smeared ions of smearing
width, ¢.>® The effect of the value of ¢ on the electrostatic
potential is discussed in the ESI.{ As ¢ decreases, the electro-
static potential becomes steeper. In the limit of ¢ approaching
the width of the pseudopotential cores, the work function due
to smeared ions approaches the same value as the one resulting
from pseudopotentials. The difference between the work func-
tions determined in vacuum and in electrolyte was found to be
insignificant (further details are in the ESI, Fig. S6-S8).

4 Discussion
4.1 Trends in potential distribution and work function

H-Terminated edges. The work function of the hydrogen
terminated nanoparticle with 2.5 nm diameter (y = 3.49 eV in
vacuum) is in between that of the basal plane and the planar H-
armchair edge, which is to be expected since the surface of the
nanoparticle comprises a basal plane on either side and is
bounded by H-armchair edges. More work must be done to extract
an electron from the basal plane compared with the H-armchair
edge. The situation is physically similar to the potential between
two metallic planes with different work functions, separated by
vacuum, as represented in Fig. 10. In the case of the graphite
nanoparticle, the two dissimilar surfaces are at 90 degrees to one
another, and the potential gradient thus varies with spatial
position across the surfaces, but the behaviour is qualitatively
the same as in the simpler “textbook” situation in Fig. 10.

If there are two surfaces of potentials ¢; and ¢,, and work
functions /; and y, such that y; > V,, we can write

¢2—¢1.

e

—eAp =AY =y — Y, = (5)

That is, we expect the potential, ¢, near the surface with
higher work function to be lower in value, exactly as observed in
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Fig. 10 (a) Two materials with different work functions, ¥, and y, are

placed in close contact. (b) At equilibrium, the Fermi level, Eg, is the same in
both materials and a contact potential difference Ay arises. Er of electrode
1is shifted up, resulting in accumulation of negative charge at the surface,
and positive charge accumulates on the other surface. (c) Cross-sectional
view through a H-terminated armchair nanoparticle. The basal plane has
work function y; and the edge has work function .. (d) Equilibration of
both surfaces to the same Eg results in negative charge accumulation on
the basal plane.

Fig. 4a. Given the additional constraint for the potential to go to
zero far away from the particle, this leads to the observed
negative ¢ value in the neighbourhood of the basal plane and
the positive value near the H-armchair edges. The same effect
also explains the dependence of the work function on particle
size for the H-armchair nanoparticles, in which the potential
becomes more negative close to the basal planes as the basal
plane area increases. The basal plane area on both sides of the
particle scales approximately with the square of the particle
radius, while the area of the H-terminated edges scales linearly
with the radius. Therefore, while the increasing area of both
features has an effect on the potential far away from the particle,
the increasing area of the basal plane predominates for larger
particles and thus the work function tends towards that of the
basal plane. Therefore, the work function value tends towards
that of the basal plane with increasing particle size.

O-Terminated edges. The work function of the pristine
planar O-armchair edge is significantly higher than that the of
the basal plane. By the same arguments as before, the potential
distribution is reversed with respect to that of the H-armchair
edge, leading to a positive potential near the basal plane and a
negative potential near the O-armchair edge (Fig. 4b).

The O-armchair nanoparticle shows a greater work function
(y = 6.26 eV) than either the planar O-armchair edge or the
basal plane, which were = 5.26 eV and y = 4.15 eV, respec-
tively. In this case, the presence of edge sites at the corner of the
nanoparticle results in some disruption to the bonding
arrangement compared with the planar edge (¢f Fig. 3e and
2f), as also exemplified in the Mulliken charge analysis in
Fig. 6. Therefore, in the case of the O-armchair particle, finite
size effects appear to be important to the value of the work
function obtained. It is expected that the influence of the
corners would become less significant with increasing particle
size, possibly leading to a non-monotonic change in work
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function that eventually tends to that of the basal plane as
the particle size increases.

4.2 Implications for experimental measurements

Calculations show a pronounced difference in the potential
distribution near hydrogen terminated particles compared with
oxygen terminated particles. The work function of the planar O-
armchair edge is greater than that of the basal plane of graphite,
which in turn is greater than the work function of the H-armchair
edge. As a result of electronic equilibration between particle
facets, the potential and charge density distribution is reversed
for the two non-basal plane terminations. Additionally, the
potential and charge density distribution on the basal plane is
also reversed dependent on the edge termination. The same trend
is observed in vacuum (Fig. 4) and in electrolyte (Fig. 5). In
electrolyte, however, electrostatic screening by the solvent leads
to decay of the potential over a much shorter length scale than in
vacuum. It can be expected, therefore, that the effect of different
edge termination would be more significant and potentially easier
to detect in the gas phase than in electrolyte, with more noticeable
implications in gas phase catalysis than electrocatalysis.

Nevertheless, the calculated differences in potential in electro-
lyte, on the order of 100 mV, in the neighbourhood of the basal
plane and the different edges could potentially lead to applications
in various electrochemical energy storage applications. A local
probe such as scanning electrochemical cell microscopy (SECCM)
could be utilised to detect these differences,*>*® where it might be
expected to see differences in redox activity on the basal plane
dependent on edge termination. The previously demonstrated
sensitivity of vanadium redox processes to graphite edge morphol-
ogy and the link between termination and the work function®
suggests that precise tuning of activity through varying the particle
size is a possibility, with applications in areas such as redox-flow
batteries. The work could also lead to strategies to design highly
active oxygen reduction reaction (ORR) electrocatalysts’” depen-
dent on particle size.

It is also anticipated that this work will influence strategies
to manipulate metal-support interactions*®*° via tuning of the
work function. It would be worthwhile to examine the effect of
systematic particle size variation by advanced electron micro-
scopy techniques such as scanning transmission electron
microscopy (STEM).>® Changes to the local potential distribu-
tion might also be detectable by operando Kelvin probe force
microscopy (KPFM) measurements.>"

In the battery area, it is anticipated that these local varia-
tions in potential distribution could affect the nucleation
potential of lithium on the basal plane and on the edges, with
the potential to to precisely tune the nucleation behaviour of Li
and other metals utilised in battery applications dependent on
edge morphology, termination, and particle size.>*”>* This will
be investigated further in a follow-on work.

5 Summary and conclusions

The key findings of the work can be summarised as:
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1. The termination, either H or O, around graphite nano-
particles makes a pronounced difference to the surrounding
potential distribution.

2. The potential around the edge and around the basal plane
has opposite sign.

3. The trend can be related to the work function differences
between the different edged systems and that of the basal
plane. For planar systems, the work function goes as O-
armchair > basal plane > H-armchair.

4. Atomic charge partitioning suggests electron transfer
from H to carbon for the H-armchair edge. For the O-
armchair, the electron transfer goes in the opposite direction.

5. A consequence of the difference of the work function of
the graphite edges with respect to the basal plane is a particle
size dependence on the work function around the particle.

We anticipate that the variation on the order of 100 mV in
potential, in electrolyte, could influence the nucleation
potential of lithium on the basal plane versus the different
graphite edges. Equally, local manipulation of potential at a
single particle level could have important implications for
control of local activity for electrocatalytic reactions.
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