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ABSTRACT: Historically, reported values for the surface energy of graphite have covered a
very wide range. Here we use finite-dilution inverse gas chromatography (FD-1GC) to show
that the dispersive component of the surface energy of graphite has contributions from edge
and basal plane defects as well as from the hexagonal carbon lattice. The surface energy
associated with the defect-free hexagonal lattice is measured at high probe-coverage to be
63+7 mJ/m?, independent of graphite type. However, the surface energy measured at low probe
coverage varied from 125-175 mJ/m? depending on the graphite type. Simulation of the FD-
IGC output for different binding site distributions allows us to associate this low-coverage
surface energy with the binding of probe molecules to high energy defect sites. Importantly,
we find the rate of decay of surface energy with probe coverage to carry information about the
defect density. By analysing the dependence of these properties on flake size, it is possible to
separate out the contributions of edge and basal plane defects, estimating the basal plane defect
content to be ~10% m2 for all graphite samples. Comparison with simulation gives some
insights to the basal plane and defect binding energy distributions.

INTRODUCTION

Graphite has been studied scientifically for well over a century and is one of the best
understood materials known to man. For example, its electronic properties have been studied
exhaustively since 1947.1 However, one property of graphite which is not so well understood
is its surface energy. The reasons for this are twofold. Firstly, a very wide range of values have
been reported in the literature for the surface energy of graphite, from ~27-875 mJ/m2.2% A
contributing factor is that graphite from different sources can display different surface energies.
Secondly, it is known that graphitic surfaces are extremely energetically heterogeneous.* This

means that the surface energy can vary spatially over the surface of a single graphite sample.
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This is unfortunate as a knowledge of a materials surface energy is critical to the
development of an understanding of its interactions with other materials. An example can be
found in the production of graphene® by exfoliation of graphite.>® One method in particular,
liquid phase exfoliation (LPE), can be used to produce defect-free graphene in a scalable
manner.® Theoretical studies have shown that the best solvents for exfoliating graphite to give
graphene are those whose surface energy closely match that of graphene.® However without a
proper understanding of the surface energies of either graphite or graphene, solvent
optimisation remains completely empirical. Although the best solvents® are found to be those
with surface energies close to 70 mJ/m?, it is not clear that this value represents the true surface

energy of graphene/graphite.

The surface energy of a material is a measure of the energy required to produce a unit area
of surface. Measuring surface energy of solids is important to a variety of applications or
industries. For example, in pharmaceuticals accurate knowledge of surface energy is important
due to its influence on wet granulation and film coating.® In addition, surface energy
measurements can be used to monitor product batch-to-batch variation.!* There are several
established methods to measure the surface energy of materials. Two widely used methods are
contact angle measurements and inverse gas chromatography (IGC). Contact angle is a
wettability measurement where droplets of various liquids are deposited on the material’s
surface and the surface energy is extracted from the angle the droplet edge makes with the
surface. In contact angle measurements, a portion of the surface is completely covered with
solvent. This means that, for an inhomogeneous surface, a single number related to the average
surface energy is returned. However, no information about the surface inhomogeneity is given.
Alternatively, IGC has traditionally involved the injection of minute amounts of probe solvent
into a column containing the solid sample (this is generally referred to as infinite dilution
inverse gas chromatography, ID-IGC). Then, because of the presence of sample-probe
interactions, the time taken for the probe to elute through the column is related to the samples
surface energy. The main disadvantage of traditional ID-1GC is that, for an inhomogeneous
surface, it predominately probes those sites with the largest sample-probe binding energy and
so the greatest contribution to the surface energy. As such, it doesn’t give a realistic

representation of the intrinsic surface energy of a material.*2

Surface energy measurements of graphite are further complicated by the fact that the
material varies greatly depending on where it was mined and the processes used to refine it. In

particular, most samples contain flakes with a wide range of sizes. Previous studies on the



surface energetics of graphite using ID-IGC suggest that surface heterogeneities are partially
due to active functional groups and contaminants®® all of which are considered defects from
the perfect graphitic surface. The population of such defects or other structural imperfections
may vary with graphite source. These factors make its heterogeneous nature unsurprising and
mean a spread of surface energy values can be expected regardless of the measurement
technique. This combination of measurement inconsistency and the heterogeneous nature of

graphite itself means that a new approach to study the surface energetics of graphite is required.

In this work we measure surface energy profiles of a range of graphite types using surface
coverage dependent IGC. This technique measures the surface energy of a material as a
function of the number of probe molecules interacting with the surface (expressed as surface
coverage). In all cases, we find high surface energy at low probe coverage. However, the
measured surface energy falls off as the coverage is increased. Informed by simulations, we
associate the low-coverage, high surface energy values with the interaction of probe molecules
with defects while the full-coverage, low surface energy values are linked to interactions with
the defect-free basal plane. We find the full-coverage surface energies to be independent of
graphite type. Conversely the low-coverage surface energy scales with the flake size, consistent

with its dependence on the population of edge defects.
INVERSE GAS CHROMATOGRAPHY THEORY

IGC is a versatile and robust surface characterisation technique used in a large variety of
fields such as pharmaceuticals,’® polymers!* and mining.X®> While other surface energy
measurement techniques such as contact angle require a smooth flat surface, IGC holds a
distinct advantage in that it can be used on powders, flaked materials and films. Although IGC
is primarily used for measuring surface energy of solids, it also has other applications such
as measuring specific surface area,*’ acid-base interactions,'® Hildebrand and Hansen solubility

parameters'® and glass transition temperatures in polymers.®

In IGC, known probe solvents are injected into a glass column containing the sample
being examined. The concentration of solvent transmitted through the column is then recorded
as a function of time in the form of a chromatogram. The adsorption-desorption behaviour of
the probe on the solid surface is inferred from the retention time, t,, which is the time taken
for the probe to elute through the column. The retention time is used to calculate the net

retention volume, V, which is a fundamental thermodynamic property of solid-vapour

interactions, using the equation:



I TN S
VN_m':(tr t")(273.15 Kj @)

Here j is the James-Martin correction factor,?® m is mass of sample in the column, F is
the carrier gas flow rate, t; is the dead time (time taken for non-interacting probe to elute
through the column) and T is the column temperature. Once V,, is known, it can be used to

calculate a range of parameters including acid-base interactions, solubility parameters and most

commonly surface energy.The surface energy of a material, y, consists of two components, the
dispersive surface energy, (y,) and specific surface energy (y,) *’. The dispersive surface
energy of a material has its basis in London (or dispersion) interactions® while y, is associated

with specific interactions between probe and solvent (i.e. polar interactions and hydrogen

bonding on the sample surface).?? In this work we focused on y, measurements since the
measured values are probe-solvent independent while values obtained for y, depend the

specific solvents used. In addition, one would expect the dispersive component to dominate the

surface energy of graphite. Two widely used methods of calculating y, using IGC are the

Schultz?® and Dorris-Gray methods.?* The Dorris-Gray method was used in this case as it is
known to be more accurate at higher operating temperatures.?® In the Dorris-Gray method a

series of n-alkanes are used as probes to measure the free energy of adsorption, AG The

probe *

dispersive free energy of one methylene group (AG.,,) can be calculated from slope of the

alkane line by plotting AG versus the carbon number, n of the alkane probe using:

probe
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where T is the column temperature and V,; is the net retention volume calculated by equation 1.

AGg,,, is related to the work of adhesion, W,,,, by:
AGCH2 = _NaaCHZWCHZ ®)

For non-polar probes W,,,, is found via the geometric mean approximation using the Fowkes

relation:2®

WCHZ = 2\/7d7dCH2 (4)



where "

is the dispersive surface energy of a methylene group which is calculated
by y,“"? =35.6+0.058(293—-T).*" By combining equations 2, 3, 4 and rearranging we get an

expression for 7, the dispersive surface energy of the solid sample:

RTIn(V. /v, )T
]/d 1 |: n( N,n+1 N,n):| (5)

47§H2 NaaCH2

where RTIn(V,,.,/V, ) is the slope of alkane line from the plot RTInV, versus carbon

number of the alkane probe.

The experiments described here were performed using a Surface Energy Analyser (SEA). The
SEA is the latest generation of IGC apparatus and makes measuring the surface energy of
highly energetically heterogeneous materials such as graphite more reliable through the ability
to inject precise amounts of probe molecule, corresponding to a specific surface coverage.
When very low concentrations of probe are injected into the column, the surface coverage is
very low. As a result, only probe-sample interactions occur and only surface sites with high
probe-surface binding energy are investigated. This is the standard form of IGC and is called
infinite dilution IGC (ID-IGC).?’

However, because the SEA can accurately control the coverage of probe molecules on the
surface, it can measure so-called surface energy profiles, i.e. the surface energy as a function
of probe coverage. This is termed finite dilution IGC (FD-IGC),® and allows the
characterisation of not just high energy sites but also sites with lower probe-surface binding
energy. Such sites tend to predominate only as the probe coverage is increased. Thus, a typical
surface energy profile shows a high surface energy value at low coverage which is
representative of high energy sites. However, at the coverage increases, the surface energy falls

gradually before plateauing at a value which related to the low energy sites.

One factor which is not generally discussed is that probe-probe interactions may become
important at high probe coverage. This manifests itself in some surface energy profiles (see Sl
figure S6) where the surface energy plateaus before beginning to increase with coverage. This
is generally accompanied by peak fronting in the chromatograms which has been associated
with probe-probe interactions by Ho et al.?® Where such increases were observed, we removed
the relevant data points and only analysed data where the measured surface energy falls or stays

constant with increasing probe coverage. While this should minimise the effect of probe-probe



interactions, we cannot avoid the fact that surface energy values in the high coverage regime

may be slightly over estimated.

In practise, the retention volume is measured for a set of alkane probes and the surface
energy calculated using equation 5. This is repeated at a range of coverages to produce a surface
energy profile. In order to accurately relate injection volumes to surface coverage, the specific

surface area (Sg;) of a sample must be known. A description of the specific surface area

measurement is given in the supplemental information. We note that the Dorris-Gray method
was initially developed for infinite dilution systems.?* However, in recent years it has become
standard practise to extend the Dorris-Gray method to finite dilution systems like the ones in

this work 1153031

RESULTS AND DISCUSSION
Basic characterisation

In order to obtain a broad picture of the surface energy of graphite, we purchased graphite
powder from nine suppliers with the aim of comparing their surface energetics (information on
the graphite types is given in the Sl). First, we carried out some very basic characterisation of
the various graphite types. To characterise the size of the graphite flakes used in this study,
SEM was conducted on each sample to measure the mean flake dimensions. Figure 1A shows
a representative SEM image of one of the graphite samples (9-Henglide). This image appears
to show the graphite flakes to be particulate in nature. However, more detailed SEM
examination shows that the flakes are not monolithic but rather are clearly made of stacked
platelets as shown in figure 1B These platelets were observed in all samples and were <1 pum

thick in all cases.

From statistical analysis of the SEM images, we measured the mean length of the graphite
flakes, finding values in the range 10-1000 um as shown in figure 1C (we define L as the flakes
maximum dimension, see Sl). We also measured the specific surface area of the graphite
samples (see SI). These values were clustered between 5 and 15 m?/g, a much smaller range
than observed for the flakes lengths (figure 1C). The specific surface area of a thin platelet of

area, A, perimeter length, P, and thickness, t, is given by

2A+Pt 2 P
Seer =— =+t (62)
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where p is the platelet density. Here the first term represents the basal plane contribution while
the second term represents the edge area. In the SI, we model the platelets as rhombuses with

longest dimension, L, and size L/k in the perpendicular direction where k is the aspect ratio.

This allows us to approximate the perimeter to area ratio as P/ A=4+1+k? /L, giving

2 a1+K’
Sper =+ TR (6b)

pt pL
Because the data in figure 1C suggests Sget to be roughly independent of L, this implies the
edge contribution to be relatively small and the platelet thickness to be also approximately

independent of L. From the mean value of (S;.;) =8.2m?g, we can estimate the mean platelet

thickness to be close to 100 nm for all graphite types.

To investigate the quality of the different graphite types, we conducted Raman
spectroscopy. Typical spectra for two of the samples are shown in figure 1D with the rest shown
in the SI. Raman spectroscopy is a well-established technique for the characterisation of defects
in sp? carbon based materials such as graphite, graphene and carbon nanotubes.3?-3* We can
use the ratio of the D-peak to G-peak intensity (Ip/lc) as a measure of the defect content in a
sample,® since the D-band is only observed in samples containing defects.®® In Raman
spectroscopy, a defect is defined as any breaking of the symmetry of the graphene lattice, such
as vacancy sites®®3” and edges.®3® A more detailed discussion on the origin of Raman peaks
is given by Beams et al.*® Among the graphite samples studied, the o/l ratio varies from less
than 0.01 for Northern to 0.26 for Henglide graphite. As shown in the SI, Ip/lc scales linearly
with 1/L with a positive intercept, behaviour which implies the basal plane defect concentration

to be roughly constant over these samples.
Finite-dilution inverse gas chromatography measurements

In order to ascertain how the surface energy of different commercial graphites
differ from each other, the dispersive surface energy (y,) profiles were measured using
coverage-dependent IGC. Such y, profiles are measured by injecting a series of n-alkane
probes from hexane to nonane at selected surface coverages. Surface coverage (¢) is calculated
as a fraction of the monolayer capacity of the sample from specific surface area measurements

(see Sl for results). Shown in figure 2A are two alkane plots, portraying the Gibbs free energy

of adsorption (AG__..) as a function of alkane carbon number, n, measured at low and high

probe



probe coverage (graphite sample Timcal). At any coverage y, is calculated using the slope of

the alkane plot and the Doris-Gray formula as shown in equation 5. This process is repeated

for all coverages to complete the y, profile. Figure 2B shows the y, profiles of two of the
graphite samples used in this study. The profiles have the usual concave shape, with surface
energy falling with increasing probe coverage *! from the low-¢ value of Y4.4-0, before reaching
a coverage-independent plateau at large coverage.*>* This plateau value is defined as the full
coverage surface energy, 7, ,.*° Significant variations in surface energy profiles were

observed from sample to sample.

For the graphites studied here, we observed values of 7 ,_, in the range 125-175 mJ/m?

while y, ,, values were in the range 50-75 mJ/m? (figure 2C). The measured values of Yd.4=0

compare well to previous infinite dilution IGC measurements of graphite. For example, Balard

et al found the ID-IGC y, for as-received commercial graphite to be 115 mJ/m?4" while
Papirer et al measured two commercial graphite samples and found y, to be 105 mJ/m? and
279 mJ/m?2.*8 In addition, Donnet et al*® measured a y, value of 134 mJ/m? and Park et al*3
measured two graphite samples to be 119 mJ/m? and 120 mJ/m? (adjusted for temperature).
However, the full coverage values (7 4-,) are far lower than the literature ID-IGC values

quoted above and are more comparable to values of surface energy measured by contact angle®
or suggested by solubility measurements®® which tend to fall in the range 50-125 mJ/m?2 524
This is consistent with the idea that these techniques give an average over the whole surface

and not just the highest energy sites.

We note that it is challenging to compare literature values to one another in great detail
due to the different experimental conditions used in each set of experiments. Such differences
make it hard to differentiate the effects of different experimental conditions from those due to
the inhomogeneous nature of graphite’s surface.* We address these problems by insuring that
all samples have the same total surface area (0.5 m?) in the column. In addition, the same
coverage values and combination of alkane probes used for all measurements. To the best of

our knowledge this is the first paper to show a comprehensive comparison of the y, profiles

of commercial graphites.



In the literature, y, profiles for energetically heterogeneous surfaces are often

empirically fitted to an exponential decay function:3°>°
7d (¢) = yd’¢:1 + (}/d =0 _j/d,¢:l)e_¢/¢0 (78.)

where 74 4., is the dispersive surface energy at full coverage, 7, is the dispersive surface

energy at zero coverage, and ¢, is a constant which describes how fast the surface energy

decays with increasing coverage. However, we have found that a stretched/compressed
exponential tends to match the data much better and give more consistent results (we will

justify this in more detail below and in the SI):

74(9) = Vaga T (7d,¢:o - 7d,¢:1)e7(¢/¢0)k (7b)

where k is the stretching (when 0<k<1) or compression (k>1) exponent. We have fitted all

coverage-dependent surface energy data to equation 7b, extracting 7, ,,, 7440, #and k. As

shown in figure 2B good fits were obtained with values of k between 0.85 and 1.8 (see Sl for
all fits).

Shown in figure 2C is a plot of 4,4 versus 7y 4o, showing no simple correlation between

these parameters suggesting that they may be independent of each other. This implies that high
energy sites (probed at low coverage) on the sample surface are not representative of the surface
as a whole (probed at high coverage) and so carry little information about the intrinsic surface

properties. This shows the importance of coverage-dependent IGC compared to ID-IGC. We

have plotted both 7, ,4 and 74, (both extracted from the fits to equation 7b) versus ¢o in
figure 2D. Here, 7, 44 appears to be independent of ¢. However, we see a clear correlation
between 74 4o and ¢, as shown in figure 2D. This implies that these two parameters are related
and have their origins in the same phenomena.

Simulation of finite-dilution inverse gas chromatography response

In order to interpret the finite-dilution inverse gas chromatography data shown in figure 2B-D,
it is important to better understand the nature of the sites where the probe molecules bind to
the graphitic surface. Such understanding will in turn shed light on the details of the
heterogeneity of the surface chemistry of graphite. Recently, a method has been reported which

allows the surface energy coverage profile to be simulated based on inputted energetic
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distributions of binding sites (see methods). Here we use such simulations to gain some broad
insights into the relationships between 7, ;1. 7440, ¢ and the energetic distribution of
binding sites.

We begin by considering one population of binding sites whose contribution to the surface

energy can be described by a normalised Gaussian distribution:

N(n)=ﬁewﬁ”‘z”’z ®)
which is centred at y with width Ay. Three example distributions are shown in figure 3A. We
used the simulation techniques initially described by Jefferson et al®® and Smith et al®’ to
calculate the surface energy versus coverage profiles for a range of such distributions with
various combinations of j» and A4y, with examples in figure 3B corresponding to the
distributions in figure 3A. In all cases, the simulated profiles took the same general form as
experimental data with the surface energy decreasing with coverage. However, all simulated
curves were convex in shape with none showing the exponential-like shape which tends to be

found experimentally. Nevertheless, it is still possible to gain some insights from these single
exponential coverage profiles. For example, we found the full coverage surface energy, 74 44

, to be exactly equal to the centre of the distribution, irrespective of the distribution width
(figure 3C). Perhaps more interestingly, we found the difference between the zero- and full-

coverage surface energies to scale with distribution width approximately as
Vi geo — Vg ~ 0.045x Ay? )

where the surface energies are in mJ/m?. Although this surface energy difference depends very
weakly on the distribution centre, we find the approximation holds well for all values of 3
between 60 and 200 mJ/m? with deviations of no more than 25%. This relationship reflects the

fact that the deepest sites fill up first, allowing us to make two simple observations: The value

of 7440 reflects the contribution to the surface energy of those sites which bind the probe

molecules most strongly (i.e. the deepest sites) while 74,4 is a measure of the mean

contribution to the surface energy.

Because of the lack of agreement between the shapes of simulated and experimental coverage
profiles, we hypothesised that real experimental data is rarely, if ever, associated with a single
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population of binding sites. We thus carried out a range of simulations with two normalised

Gaussians, representing populations N, .(7,) and N,-(y,) such that the total normalised
distribution of binding sites is given by N; (74) = (01— f 2 )N (74) + fieNye (74) » where fue is

the fraction of HE sites. Here the subscripts represent “High Energy” and “Low Energy” such

that y, « <7, - An example of a pair of such Gaussians and their sum is given in figure 3E.

We first investigated whether such a two-Gaussian distribution can give an exponential-like
concave surface energy versus coverage profile by calculating a number of profiles for pairs of
distributions with different combinations of j and Ay. We found exponential-like coverage
plots so long as the high energy distribution was relatively broad (roughly 4>0.35), a

condition that is fulfilled by the example distributions in figure 3E.

We then systematically calculated surface energy versus coverage profiles for pairs of
distributions, keeping the positions and widths constant for each pair but varying the fraction
of high energy sites (fug). A typical sub-set of such profiles is given in figure 3F (calculated
from the distributions in figure 3E). In general, such profiles are exponential-like (obviously
except when fue =0 or 1). However, we note that such simulated profiles cannot be well-fitted
to exponential decays but are much better described by stretched exponentials (k<0) as

illustrated in figure 3F inset and SI. From the profiles, we have extracted 74 44, /4 4-0 and ¢,
(as well as k). Shown in figure 3G is a graph of 7, ;4 and 7, 4, extracted from the profiles

in figure 3F, plotted versus the fraction of high energy sites, fue. This data shows that 4 4. is
just the weighted mean of the centres of the two Gaussian distributions such that:

Yaga = Q= e )Vore + Tre¥one - HOwever, 7y, is slightly less straightforward to analyse,

rising sharply as fie is increased, and approaching the value of 7, ,, appropriate to the HE
sites once the fraction of HE sites passes ~0.4 in this case. We note that this result is consistent

with the single Gaussian distribution case because it shows that 7, ,., is largely controlled by

the energy of the deepest sites. This of course means that 7, 4., should be particularly sensitive

to the width of the HE Gaussian distribution.

We have also plotted ¢, (extracted from fits to equation 7b) versus the fraction of high energy

sites, fue, in figure 3H. This graph is particularly interesting as it shows a linear relationship,

¢, = 1., for fie<0.4 in this case. Fitting the linear portion gives f=1.1 in this situation. This
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is potentially a very important relationship as it shows that, in principle, the population of high
energy sites can be extracted directly from the stretched/compressed exponential fit of the data.
However, there is a significant discrepancy between the simulated two-Guassian data and the
real experimental data reported in figure 2. The data in figure 2D shows 7, ,., to decrease with
¢, (i.e. with fue) while the simulations (figure 3H inset) show the opposite trend. This trend in

the simulation data arises because the higher energy distribution is broader than the low energy
distribution, a necessary condition of finding concave, exponential-like coverage curves (see
above and Sl). This strongly suggests that our experimental data cannot be described by two
Gaussian distributions but actually require a third distribution. This can be understood by
considering the combination of a low energy distribution (LE) and two high energy
distributions, HE,1 and HE,2, such that HE,1 represents a small fixed population of deep sites
while HE,2 represents somewhat shallower sites (although not as shallow as the LE sites).
When the population of HE,2 is small, the deep sites associated with HE,1 will dominate,

resulting in a high value of 7, ,.,. However, as the population of HE,2 is increased, these sites

will come to dominate, thus reducing the overall value of 7, ,_,, as observed in figure 2D.

We can see this quantitatively by simulating the surface energy versus coverage plots for three
Gaussian distributions, labelled LE, HE,1 and HE, 2, with a range of relative populations (figure

31-L). For reasons which will become clear below, we fix the population of HE,1 at an arbitrary

value of 5% of LE, but allow the population of HE,2 to vary. Because figure 2D shows 7 ;.

to be roughly constant over all graphites, and because figure 2G implies 74 ,., to be the

weighted mean of the distribution centres, we set the means of the LE and HE,2 distributions

as 60 mJ/m? (because the population of HE,1 is small, its position will not significantly affect
the overall value of 7, ,4). We then used trial and error to find values of the remaining
parameters (7, ey AV e AVuerr AVue, ) SUCh that, when the HE,2 population (i.e. fue2) is
varied, we could reproduce the experimental data shown in figure 2D.

We found this to be the case using the distributions shown in figure 3I. The low energy (LE)
distribution had position and width of 60 and 5 mJ/m? while HE,1 and HE,2 had positions of
92 and 60 mJ/m? respectively with both widths of 20 mJ/m?. Also shown in figure 31 (black

curve) is an example of an overall distribution with fractions of each component: f.g=0.9,

fhe1=0.045 and fhe2=0.055. We calculated the surface energy versus coverage curves for

12



combinations of these distributions, keeping the HE,1 to LE population ratio at 5% but varying
the LE,2 population (fhe2). Two example curves are given in figure 3J. As shown in the inset,

such curves can be much better fit to stretched exponentials (equation 7b) than exponential
curves (equation 7a). From the stretched exponential fits, we extracted 7y 4o and ¥4 44 , Which
we plotted versus the total fraction of high energy sites (fue=fre1+fHe2) in figure 3K. This graph
shows 7, 40 to fall with fraction of high energy sites, fundamentally different behaviour to
that observed for the two-Gaussian distributions in figure 3G, but consistent with the data in

figure 2D. We note that, although the data is plotted versus frei+frez, this decay in 7, 4 is

directly related to fue2. As shown in figure 3K (inset) 7, 4., falls empirically with frez as a

single-exponential decay, a fact which will be important later.

From the fits, we also extracted the decay constant, ¢, which we plot against the total fraction
of high energy sites (fhe=frei+fhe2) in figure 3L. As with the two-Gaussian simulations

described in figure 3H, we find linearity for small values of fue, described by ¢, = 51 .

although here 3=0.35, significantly different to the value of p=1.1 found in figure 3H for the
2-Gaussian simulations. We believe the actual value of B is determined by the details of the
overall binding energy distribution, essentially making it an intrinsic material parameter. This

result is important as it shows that, even for a three-Guassian system, the decay constant is a

measure of the fraction of high energy sites. Shown in figure 3L inset is a graph of 7, ,, and

74.4-1, plotted versus ¢o, which matches very well to the experimental data in figure 2D. This

clearly shows that the overall surface energy data for the set of nine graphite’s studied
experimentally is consistent with the probe molecules binding to three distinct types of binding

site which can be simulated by the three distributions shown in figure 3.
Modelling surface energy data

With this in mind, we can consider the physical nature of the three types of binding sites
discussed above. We believe the high-energy sites probed at low-coverage are associated with
defects in the graphitic lattice. These can either be associated with the flakes edges or be basal
plane defects such as point defects. Conversely, the dominant low-energy sites probed at high-
coverage represent the basal plane in the absence of defects. We would expect the population
of basal plane defect binding sites to be low relative to the number of graphitic basal plane

binding sites. In the ideal case where all of the studied graphite types were identical and varied
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only in flake size, we would expect the ratio of these populations to be fixed. Conversely, we
would expect the number of edge binding sites to scale with flake size and so vary among the
samples studied. Thus, we can associate the LE, HE,1 and HE,2 distributions with basal plane,
basal plane defects and edge binding sites respectively.

If this model is correct, in the ideal case we would associate 74 4, With the intrinsic surface

energy of graphite in the absence of defects or edges. However, this may not be exactly the
case here as the graphite used in this study was not exceptionally clean. In addition, the

annealing process applied to the graphite was not particularly aggressive and was unlikely to
result in a pristine graphitic surface. This means the values of 7, ,_, obtained may not correlate

exactly with the true surface energy of graphite but more accurately reflect the surface energy
of a graphitic surface contaminated with hydrocarbons.> In any case, within this model, we

would expect 7, 4, to be independent of the flake dimensions. This is shown in figure 4A

where we plot 7, 4, versus mean flake length for nine samples of commercial graphite. We

find the data to be size-independent with all data clustered around a mean of <7d,¢=1>

=63+7 mJ/m?2.

We now turnto 74 4.0 and ¢, . Within our model, we would expect the low coverage behaviour,

and so 7440 and 4, to be controlled by the defect population. It is most easy to understand

¢, . This parameter represents the coverage where the high energy sites (defects) become

saturated with probe molecules and as shown above, should scale with the number of defects

in the system (¢, = S f,.). We can test the relationship between ¢, and defect content by

plotting the former parameter as a function of Ip/lc. As described above, Ip/lc is measured by
Raman spectroscopy and is a measure of the graphite defect content. As shown in figure 4B,

the linear trend indicates that ¢, is indeed related to the amount of defects present.

If ¢, scales with defect content, then we would expect smaller flakes to have larger values of
¢, , simply because smaller flakes have more edge defects. Plotted in figure 4C is a graph of
¢, versus mean flake length, L, for nine commercial graphite types. This graph clearly shows

the expected behaviour with a well-defined fall-off of ¢, with increasing L.
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We can quantitatively model ¢, as the fraction of graphitic surface area occupied by probe

molecules when all defects have been saturated with probe molecules. We must consider a

combination of both edge and basal plane defects. We assume that there are N, / A defects

per unit area of basal plane and that around each defect is an area A,. which acts as a high

energy region for the adsorption of probe molecules. We note that this area might be
significantly larger than the actual defect size and represents the area where the carbon atoms
have deviated from their defect-free positions. In addition, the whole of the edge region of a
flake also behaves as an array of high energy sites for probe molecules. Then, by treating the
flake as a platelet of area, A, perimeter length, P, and thickness, t, we can write:

(Np s/ A) A 2A+Pt

p— f -_—
¢0 Ble=p oA+ Pt

(10a)

We note that A (N, 5 / A) represents the fraction of basal plane area where the surface energy

deviates from that of graphitic carbon due to the presence of defects. As described above (and
in the SI), modelling the platelets as rhombuses gives a relationship between P and A. Then, in
the limit where the platelet is thin and so the edge area can be neglected (see above), this
simplifies to

N
¢~ f—22 A+ 261+ kzlL (10b)

A

The inset in figure 4C shows a linear relationship between ¢, and 1/L as predicted by equation

10b. Interestingly, the lack of scatter suggests all nine graphite types to have similar values of

t,kand A (Ny g/ A). The presence of a constant flake thickness is consistent with the specific
surface area measurements, while the constancy of A, (N, / A) is consistent with the length

dependence of the Raman data (see Sl). In addition, k is known to be constant from SEM
measurements which show a mean value of k=1.6 over all samples. That the data is consistent

with values of gand A (Nyg/A) which are roughly constant over all the graphite samples

implies that the nature of both edges and basal plane defects is the same for the range of graphite
types studied. While it would be possible to use the mean value of t extracted from BET

analysis to find  and A (Ny 5/ A) from the linear fit, we demonstrate a better method below.

It is possible to perform a more quantitative analysis by combining equations 6a and
10a to eliminate t and then using the relationship P/ A=4+1+k? /L to give:
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{—pSBET%L}:ﬂx(NDB I DA, x{—pSBETL —1}% (11)
41+ K? ' 41+ Kk?

Because all the parameters in the square-bracketed terms are known or have been measured in
this work, it is possible to parameterise the data in accordance with equation 11 and plot a
graph which should give linear behaviour. This is shown in figure 5 and does indeed show the

expected behaviour with the line representing linearity. From this fit, we can extract a value of

p=9x2and A, (N, / A)=(0.4£0.1)%. As described above, we believe the value of Sto be an

intrinsic material property which depends on the overall surface energy distribution including
contributions from basal plane, basal plane defects and edges. We can use this value of

A (Np g/ A) to estimate the areal basal plane defect density, N, / A. We assume, that the

presence of a point defect effects the surface energy locally over a distance of ~1 nm, giving

A ~3 nm? This allows us to estimate N,/ A~10" defects/m? close to the population of

neutral point defects measured for graphene by Barreiro et al (2.5x10*° defects/m?).%

Shown in figure 4D is a plot of y, ,_, versus L which shows a well-defined monotonic increase.

This is consistent with the data in figures 2D and 3K and can be understood as follows. When
L is very large, flake edges are relatively uncommon and the fraction of edge defects (fe,2)

becomes very low. This means that y, , , is dominated by the relatively deep sites associated

with the basal plane defect (HE,1) distribution. However, as L falls, the population of edge
defects (fue2) increases until for very small flakes, the basal plane defect content becomes
negligible and edge defects predominate. Then, the HE,2 (edge) distribution, with its shallower

sites controls the low coverage surface energy, resulting in a reduction of y, , ;. As a result,
Ya 4= INCreases steadily from its low-L, edge defect dominated value of ~130 mJ/m? to its high-

L basal plane defect dominated value of ~180 mJ/m?.

Knowledge of the numerical value of A . (N, / A) allows us to test our understanding
of the data in figure 4D more deeply. We have proposed that y, ,, is controlled by edge sites

at low L and by basal plane defects at high L. If this is the case, we would expect the populations
of edge and basal plane defects to be equal at an intermediate value of L. We can calculate this
value by equating the basal plane area affected by defects with the edge area:

A (N, 5/ A)x2A=Pt. Then, using the expression for P/A given above and taking t~100nm,

k=1.6 and A, (N, 5/ A)=0.4 %, we can work out the flake length where basal plane (BD) and
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edge  defects (ED) populations  are  equal. This  works out as

Lop_ep = 2tN1+k? /[ A (N 5 / A) =100 um, a value which lies in the middle of the range

where y, ,, is transitioning from a low to a high value. This is exactly as expected given our

explanation as described above.
We can extend this analysis of the y, ,_; by noting that, as shown in figure 3K (inset),

simulated values of 7, ,_, fall empirically with fue2 as a single-exponential decay. Because the
fractional population of edge defects scales approximately as f,., =Pt/2Aoxcl/L (see
equation  10), this  implies that  p,,, should scale with L as
Yagoo =Vago(L=0)+[1y so(L=0) =7, ,o(L=0)]e"">="?L We can justify the form of the
exponential by noting that, when written this way, L,,_., represents the flake length where
Y440 1S Midway between its small-L and large-L limits. This is consistent with the definition

that Lg,_., is equal to flake length where the populations of edge and basal plane defects are
equal. As shown by the solid line in figure 4D, the data is indeed consistent with this functional
form with fitting parameters 7, , (L =0)=125 mJ/m?, y,, (L =) =180 mJ/m*and Ly,
=86 um. The first two fit parameters represent the intrinsic edge and basal plane defect surface
energies. In addition, the fit value of L,,_., is very close to the value calculated above. This
analysis supports the association between the HE,2 defects and the nanosheet edges and

highlights the agreement between simulation and experimental results.

This allows us to consider the surface energy profiles expected for graphene nanosheets.
Because we expect the intrinsic basal plane surface energy to be similar to that of graphite, we

expect y,,, ~60 mJ/m?. In addition, assuming A (Npg/A) is similar for graphene and

graphite and taking t~2 nm and k~1.6, typical values for liquid exfoliated graphene nanosheets,®

we can work out L, ., =2 pum for graphene. As most liquid exfoliated graphene nanosheets
are smaller than this, with lengths in the range®® 0.1-1 pm, we expect Ya.4-0 10 be controlled
by edge defects. This allows us to predict that graphene nanosheets will display values of y, ,_,

approaching 125 mJ/m?2. In addition, because the edge defect population will be relatively high,

we expect ¢o values to be higher for graphene samples than for graphite.
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Comparison with literature

This works suggests y, ,_, to represent the intrinsic dispersive component of the surface energy
of graphite. To compare the y, ,, measurements from this study to literature values, we

extracted literature data for graphite surface energies from contact angle
measurements,2°0:52545%-61 Jjquid  exfoliation,> frictional ~sliding with adsorption
measurements,® crystal cleavage,®% Krypton adsorption® and theoretical calculations.366-68
These are shown in ascending order of surface energy as shown in figure 6. Here we label the

sample number as n, where n ascends from 1 to 34. It should be noted that the data in figure 6

doesn’t necessarily differentiate between dispersive surface energy (y,) and total surface
energy (7;) but the difference between these will be low for materials like graphite where

specific interactions are minimal in comparison to y, . The energy values often used in crystal

cleavage experiments quote the energy to cleave one crystal from another. If this was the case
we divided the energy value by 2 to get the surface energy (from the definition of surface
energy). This literature data extends over a very wide range, from 30 to 2000 mJ/m?, with the
data found here clustered at the low end.

Assuming this literature data represents a random subset of the true distribution of
surface energy values, then it can be shown (see Sl) that the data, as plotted in figure 6

represents the integral of the overall distribution of measured graphite surface energies,

N(Y graphite) j 947 graonice - Where g represents the overall distribution. The kink in the n vs.
Y graphie CUIVE at ¥ . ~85 mJ/m? suggests the global distribution of graphite surface energies

to include two components, one in the range 30-100 mJ/m? and the other in the range 70-1000

mJ/m?2. We found that we could fit the N(¥grapnice) data to the integral of the sum of two log-

normal distributions, g,,, and g,,,. Because the integral of a log-normal function is an error

function, this is equivalent to fitting to the sum of two error functions, erf; and erf; as shown

by equation 12:

n(ygraphite) o .[(gLNl + gLNl)d 7graphite oc Ax erfl(ygraphite) +Bx erfz (7graphite) (12)

where A and B are weighting factors. As can be seen from figure 6, the fit is very good. From

the fit parameters, we can reconstruct ¢,,, and ¢,,, and so the overall global distribution

g =0, T9.n,- Shown in figure 6 inset are g, g,,, and g,,, . It is interesting that there is a
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clear division of data types over the two distributions. Over the energy range associated with

O.n. We have data from contact angle measurements, data extracted from liquid phase
exfoliation experiments and the IGC data taken from y, . These are all liquid based

techniques associated with full coverage. Conversely, over the energy range associated with
d.n»» We have data from crystal cleavage, sliding as well as theory results. These techniques

have in common the absence of liquid. It is not clear why this should be. However, it is clear
that the spread of published surface energy data may have more structure to it than was
previously thought.

CONCLUSION

In this work we have used finite dilution inverse gas chromatography to measure the
surface energy of a range of graphites as a function of the degree of coverage of the probe
molecule. As the coverage is increased the measured surface energy always falls before
plateauing at high coverage. We find the high-coverage plateau to be invariant with graphite
type with a value of 637 mJ/m?, which we associate with the basal plane surface energy. The
low coverage surface energy increases monotonically with graphite flake size, allowing us to
associate it with defects which are located both at flake edges and as point defects in the basal
plane. Using a combination of simulations and simple analytical models, we could fit the data,

allowing is to separate out the contributions of edge and point defects.

While this paper has discussed the surface energy of graphite, the methods discussed
here are applicable to the analysis of FD-IGC data for any material. Most obviously, the ideas
expressed here could be directly transferred to the measurement of the surface energy of other
layered crystals such as BN or MoS;. In addition, these methods will be useful for analysing
the surface energy of exfoliated 2D materials such as graphene.

METHODS

Experimental

Graphite samples were used from a variety of suppliers (Northern graphite, Timcal, Qingdao

Henglide Graphite, Asbury Graphite, Future Carbon and Sigma-Aldrich). The lateral
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dimensions of the graphite samples were measured by Zeiss Ultra Plus Field Emission SEM

and software ImageJ was used measure flake length.

Specific surface area and surface energy measurements were carried out on a Surface
Energy Analyser (SEA) IGC (Surface Measurement Systems, UK). All IGC samples were
packed into silanised glass columns of internal diameter (ID) of 2 mm and length 30 cm.
Silanised glass wool was used to plug both ends of column containing to sample to prevent
machine contamination. For Specific surface area measurement 15-20mg of sample were
packed into a 2mm ID column and preconditioned at 150 °C under Helium with flow rate 20
mL/min to remove and surface moisture. The peak max method was used for the retention time.
A series of increasing probe concentrations of Octane at 20 °C and flow rate 20 mL/min were
injected into the column to get an adsorption isotherm. Methane was used to calculate the
column dead time. From this the BET equation is applied using the SMS Cirrus Plus software

to get the samples specific surface area.

The surface energy of the samples was measured by packing columns with a mass that
corresponds to a surface area of 0.5 mg/m?, this known from specific surface area measurement.
The samples were preconditioned in the same way as previously described. Alkane probes
(nonane, octane, heptane, hexane) were used to measure the dispersive surface energy.
Coverage values ranging from 0.0075 up to a maximum of 0.4 were used to measure surface
energy profiles of the samples. The peak centre of mass (COM) method was used to measure
retention time. Surface energy measurements were performed at temperatures from 60-80 °C.

The Cirrus plus software was used for all calculations. Chromatogram elution times were

measured using a flame ionising detector (FID). The accuracy of the reported y, values

depends heavily on the quality of the linear fit of the alkane line since the Dorris-Gray surface
energy value depends on the square of the slope as show in equation 5. As a result we only

used values where R?>0.99 for alkane line fits. The uncertainty in y, measurements is explored

in more detail by Y14-Maihaniemi et al 42,

Raman spectroscopy was performed on the graphite samples using a Horiba Jobin Yvon
LabRAM HR800 with 532 nm excitation laser in air under ambient conditions. The Raman
emission was collected by 100x objective lens (N.A. = 0.8, spot size ~1 um). To avoid sample
heating we carried out all Raman experiments at 10% of maximum laser power (<2 mW). A
mapping over a 20x20 xm® sample area was performed in each case in 2 pm steps. The spectra

displayed are the baseline-corrected average of 120 individual spectra.
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Simulations

In order to calculate the surface energy profiles, we use the method of Jefferson et al.>® as
modified by Smith et al.>". The reader is referred to these papers for a full description. This
model assumes the surface can be divided into one or more populations of binding sites. When
probe molecules are introduced, they bind to the highest energy sites following a Boltzman
distribution until the appropriate coverage is achieved. Then the surface energy can be

calculated from the population-weighted mean of the binding energy.

The binding site populations are represented by normal distributions of the type shown in
equation 8. In general, the total distribution can be the sum over a number of such Gaussians,
each representing a different population of site. The total distribution is the transformed from
continuous to discrete with bin size 0.005mJ/m? and truncated for energies <0 mJ/m? to avoid

introducing unphysical negative surface energies.
To account for the fact that probes preferentially adsorb to higher energy sites®®, we use a

Boltzmann distribution to calculate the relative occupancy of each site, shown in equation 12

o EilkT

where Pi is the number probability of a probe molecule adsorbing to site i, which has a probe-

(13)

site binding energy of Ei. This binding energy is taken to be equal to the Gibbs free energy of
adsorption, AG

probe *

Ei = AG probe = _aprobe 2 \A 7/d 7dpr0be (14)

Where aprobe is the area occupied by each probe and »"* is the surface energy of the probe.

Substituting equation 13 into equation 12 and multiplying by the total site distribution
(generally a sum of discrete Gaussians distributions) gives the probability of a probe filling a
site i/fraction of injected probes at each site.. The surface energy at that coverage is then given
by the mean of the surface energy contribution, weighted by the fraction of probe molecules at
each energy (in each bin). However, it is known that this method gives values of surface energy
which depend on the probe surface energy. This requires us to apply a correction procedure

which is described in reference °’.
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which shows that the flakes are not monolithic but are clearly made of thinner sub-structure.
(C) Plot of specific surface area versus graphite flake length. The dashed line represents the
mean of 8.2 m?/g. (D) Raman spectra of 2 graphite samples with the main bands (D, G and

2D) indicated. This shows the ratio of D to G band intensities to vary among samples, implying

Figure 1: (A) SEM image of 9-Henglide graphite. (B) Close up SEM image of 5-Timcal flake
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Figure 2: (A) The Gibbs free energy of adsorption (RTInVn) as a function of alkane number
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calculation of y, using the Dorris-Gray formula (equation 5). (B) , as a function of surface

coverage (¢ ) for two of the graphite samples used in the study (Northern and 18-Asbury). y,
decreases with surface coverage until it reaches a plateau where it becomes coverage
independent. The y, value at the plateau is defined as y, ,, , the full coverage dispersive
surface energy value. The y, profiles have been fitted to equation 7b which is similar to the

standard exponential decay typically used for heterogeneous solids. Inset: Semi-log plot. (C)

Y44 Plotted against y, ,_,. This shows no correlation indicating that they are independent of
each other. (D) Dispersive surface energy at both zero coverage (y, ,,) and full coverage (
Ya42) @ a function of the decay constant (¢, ). The upper line shows an exponential decay

while the lower line represents the mean value of y, ,_, .
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Figure 3: Simulation of surface energy vs. coverage data. A-D) Simulations involving one
Gaussian distribution. A) Examples of Gaussian distributions of probe molecule-surface
binding energies, expressed as energy per unit area (the distribution centres, » and widths,

Ay, are given in the panel). B) Simulated surface energy versus coverage profiles for the
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distributions shown in A). C) Calculated surface energy at full coverage (¢=1) plotted versus
distribution centre for a range of distributions with various widths. The different symbols
represent different widths between 2.5 and 50 mJ/m?. D) Difference between surface energy at

zero coverage and that at full coverage plotted versus distribution width for various
distributions with a range of centres. The line represents 7d'¢:0—7/d1¢:1=0.045A7/2. E-H)

Simulations involving two Gaussian distributions E) An example of a narrow low-energy and
a broad high energy distribution with an equally weighted sum shown in black (the distribution
centres, » and widths, Ay, are given in the panel). F) Simulated surface energy versus coverage
profiles for weighted combinations of the distributions shown in E. The weightings of the high-
energy component are given in the panel. Inset: These distributions are not well fitted by
exponential decays (blue line). Rather we find they are better described by
stretched/compressed exponentials (black curve). G) Surface energy at zero- (¢=0) and full-
coverage (¢=1), calculated for weighted sums of the distributions in E) plotted versus the
fraction of high-energy sites. H) Decay constants (found by fitting curves such as those in F to
stretched/compressed exponentials) plotted versus the fraction of high-energy sites. The
dashed line shows that, so long as <45% of sites are of high energy, the decay constant is
roughly equal to the fraction of high-energy sites. Inset: Plot of zero- (¢=0) and full-coverage
(¢=1) surface energies versus decay constant. Note that this data does not match that in figure
2D. I-L) Simulations involving three Gaussian distributions. 1) An example of a narrow low-
energy and two broad high energy distributions with a weighted sum (90:5:5) shown in black
(the distribution centres, 0 and widths, Ay, are given in the panel). Inset: The same data plotted
on a semi-log graph. J) Simulated surface energy versus coverage profiles for weighted
combinations of the distributions shown in E. The weightings of the high-energy components
are given in the panel. Inset: These distributions are not well fitted by exponential decays (blue
line) but are better described by stretched/compressed exponentials (black curve). K) Surface

energy at zero- (¢=0) and full-coverage (¢=1), calculated for weighted sums of the
distributions in ) plotted versus the total fraction of high-energy sites. Inset: 7, ., plotted

versus fueo. The line represents an exponential decay. L) Decay constants (found by fitting
curves such as those in F to stretched/compressed exponentials) plotted versus the fraction of
high-energy sites. The dashed line shows that, so long as <35% of sites are of high energy, the
decay constant is proportional to the total fraction of high-energy sites. Inset: Plot of zero-
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(¢=0) and full-coverage (¢=1) surface energies versus decay constant. Note that this data
matches that in figure 2D extremely well.
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Figure 4: (A) 744 plotted as a function of mean flake length (L) showing that 7 , is size
independent. (B) Decay constant, @, , plotted as a function of Io/lg, the linear trend indicates
that @, is related to the total amount of defects present in the sample. (C) ¢, plotted as a
function of L with the inset showing linear trend of @, with 1/L. Using equation 8b this shows
that ¢, gives information about the nature of defects present in the sample and is able to

differentiate between edge and basal plane defects. (D) 7, 4o plotted as a function of L and

fitted to an exponential function consistent with the simulated behaviour shown in figure 3K
inset.
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Figure 5: Combination of specific surface area and IGC data parameterised according to
equation 11. The line is a linear fit.
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Figure 6: The measurements from this study compared to literature values in ascending order
of 7grapnite - The values are taken from contact angle, liquid exfoliation, frictional sliding with

adsorption, crystal cleavage, Krypton adsorption and theoretical calculations. Our data is self-
consistent and also consistent with some contact angle and liquid exfoliation measurements.
The dashed line is a fit to equation 11 which allows us to reconstruct the over-all graphite
surface energy distribution, g, as shown in the inset. From the fit in the main panel we can

infer that the over-all graphite surface energy distribution is the sum of two log-normal

distributions §,y; and Jy,.
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