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Abstract

Adsorption isotherms and isosteric heats of krypton on a highly graphitized carbon black,
Carbopack F, have been studied with a combination of Monte Carlo simulation and high-
resolution experiments at 77K and 87K. Our investigation sheds light on the microscopic origin
of the experimentally observed, horizontal hysteresis loop in the first layer, and the vertical
hysteresis-loop in the second layer, and is found to be in agreement with our recent Monte Carlo
simulation study'. From detailed analysis of the adsorption isotherm, the latter is attributed to
the compression of an imperfect solid-like state in the first layer, to form a hexagonally packed,
solid-like state, immediately following the first order condensation of the second layer. To
ensure that capillary condensation in the confined spaces between microcrystallites of Carbopack
F does not interfere with these hysteresis loops, we carried out simulations of krypton adsorption
in the confined space of a wedge-shaped pore that mimics the interstices between particles.
These simulations show that, up to the third layer, any such interference is negligible.

*Corresponding author: d.d.do@ug.edu.au
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1. Introduction

The multilayer adsorption of simple gases on a highly uniform nonporous graphitic surface has
been well studied >~ and is typically classified as a reversible Type VI isotherm according to the
2015 TUPAC classification > as exemplified by Ar adsorbed on highly graphitized carbon black
at 77 K and 87 K ®’. However, experimental evidence supports the view that adsorption

isotherms of ammonia 8'9, methane !

, carbon monoxide 12, krypton 13 , xen0n14, acetone ° and
chloroform ' on a graphite surface exhibit hysteresis at low enough temperatures. Hysteresis is
normally only associated with mesoporous materials, resulting from the difference in the
curvatures of the interface separating the adsorbed and gas phases along the adsorption and
desorption branches of the isotherm. These unusual hysteresis loops are observed at
temperatures below the bulk triple point, and disappear as the temperature increases. In their
study of Xe adsorbed on graphite, Morishige et al.'* attributed the hysteresis to capillary
condensation in the confined spaces between micro-crystallites. Similarly, Kosugi et al."?, who
observed hysteresis at temperatures in the range 86.91K to 120K for krypton adsorbed on
exfoliated graphite, attributed it to capillary condensation and to a liquid-solid phase transition.
On the other hand, Inaba ef al. ', in their study of CH,4 on graphite, put forward the idea that the

reason for hysteresis is an irreversible compression of the adsorbed phase which occurs as

adsorption proceeds.

Our recent simulation study of Kr adsorption on a structureless graphite surface at very low
temperatures' supports the interpretation of Inaba et al., showing that hysteresis occurs whenever
a two-dimensional (2D) transition is observed in the grand canonical isotherm. This can be
explained as a molecular rearrangement and progressive cohesiveness in the first adsorbed layer
as adsorption in higher layers takes place. In the present work we examine, in greater detail, the
origin of hysteresis in the adsorption isotherm for krypton on Carbopack F, a highly graphitized
thermal carbon black. Our investigation comprises a combined study of high-resolution
volumetric adsorption experiments and computer simulations of adsorption isotherms and
isosteric heats at various temperatures, with the aim of testing the hypothesis that: if hysteresis
occurs for coverages up to two layers, it may be attributed to adsorbate compression, rather than

to capillary condensation.



2. Experimental

2.1 Materials

A highly graphitized thermal carbon black, Carbopack F (supplied by Supelco, USA) was used
as the adsorbent. This consists of polyhedral micro-particles with homogeneous graphene layers
on the faces of the polyhedra. The characteristic properties of Carbopack F have been
extensively reported elsewhere ' '°. The BET surface area is 4.9 m*/g and there is no micropore

Or mesopore volume.

2.2 Measurement

Krypton adsorption on Carbopack F was measured at 77.4 K and 87.3 K using a high-resolution
volumetric adsorption apparatus (BELSORP-max, MicrotracBEL). Carbopack F was degassed
at 473K for 5 hours under vacuum at pressures of less than 0.1mPa to remove any physically

adsorbed components before making the adsorption measurements.

2.3 Isosteric heat of adsorption
The isosteric heats of adsorption (g«) for each adsorbate were calculated by applying the
Clausius-Clapeyron (CC) equation to isotherm data at two temperatures (77.4 K and 87.3 K):
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where R is the gas constant, T; and T, are the adsorption temperatures and P, and P, are the

respective absolute pressures at a given loading.

3. Theory

3.1 GCMC simulations

The Grand Canonical Monte Carlo (GCMC) simulations used 100,000 cycles for both
equilibration and sampling stages. A few simulations were carried out with a higher number of
cycles to ensure that equilibrium had been reached with the standard number. Each cycle,
consisted of 1000 attempted displacement, insertion or deletion moves, chosen with equal
probability. In the equilibration stage, the maximum displacement step length in each direction
was initially set as half of the dimension of the simulation box in that direction, and was adjusted
at the end of each cycle to give an acceptance ratio of 20%. The lengths of the simulation box in

the x- and y-directions parallel to the graphite surface were 20 times the collision diameter of Kr



(0.3685 nm), and the dimension in the z-direction was 5 nm. The graphite surface was infinite in
the x and y directions, and the uppermost graphene layer was positioned at z = 0 and a hard wall

was positioned at z = Snm.

3.2 Potential Energies

The interaction potential energies were assumed to be pairwise additive. The Kr-Kr interaction
energy was described by a 12—-6 Lennard-Jones (LJ) equation, with O 5 =0.3685 nm and & ! ky
=164.4 K*°. The graphite surface was modelled as a structureless solid interacting with Kr atoms
through a Steele 10-4-3 equation >'. The carbon atom density of a graphene layer ,p,» was 38.2
/nm?, and the molecular parameters for a carbon atom were, O, = 0.3354 nm and €, / k, = 28

K. The cross collision diameter and the well-depth of the solid-fluid interactions were calculated

by the Lorentz-Berthelot mixing rule.

3.3 Thermodynamic Properties
The surface excess concentration is defined as:

_N, :<N>—VpG
“ LxLy LxLy

2

where N, is the excess amount adsorbed, (N)is the ensemble average of the number of

particles in the simulationbox, 0; is the bulk gas density, V is the accessible volume, L and Ly

are the box dimensions in the x- and y-directions, respectively. The isosteric heat GCMC was

calculated from fluctuation theory .

4. Results and Discussions

4.1 Krypton Adsorption on a Graphite Surface at 87.3 K

The experimental isotherm for krypton adsorption on Carbopack F at 87.3 K is shown in Figure
I. The step-wise layer by layer adsorption is characteristic of adsorption on a non-porous
adsorbent > at temperatures below the bulk triple point (116 K for krypton). There is a steep
transition at 1Pa to a low density monolayer followed by a gradual rise to an excess coverage of
10 pmol/m2 at the point marked X on the inset. At about 700 Pa there is distinct vertical

hysteresis loop (II in Figure 1) associated with the transition to second layer coverage, joining



two essentially horizontal hysteresis loops for the first layer (I) and second layer (IIT). Similar

hysteresis loops were reported by Kosugi ef al. * for temperatures in the range between 87 K and
116 K.
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Figure 1 Experimental adsorption isotherm of Kr on Carbopack F at 87.3 K
(Py=1.7 kPa, desorption from 103 pmol/m?).

The experimental isotherm is compared with the results from the simulations in Figure 2 and the
isosteric heat curves are shown in Figure 3.  The main features of the experimental result that are
reproduced by the simulations are as follows:
1. There is a vertical transition (A-B) to a liquid-like monolayer at ~1Pa in both the
experiment and the simulations as shown in Figure 2a.
ii.  The simulations show two sub-steps at C and D in the first layer (Figure 2a), which have

24-26 . . . 1
and are consistent with our previous work .

been widely reported experimentally
The gradual rise to the Point X in the experimental isotherm (Figure 1) corresponds to a
similar rise to the Point D in the simulated isotherm (Figure 2a).

iii.  The simulated isotherm shows a first order 2D-condensation (EF in Figure 2b) and
evaporation (E’F’) in the second layer, associated with the vertical and horizontal
hysteresis loops, which also occur in the experimental data, but with a narrower
hysteresis loop. The narrowing of the vertical hysteresis loop in the experimental result
is possibly due to the geometrical constraint due to stacking of microcrystallites in
Carbopack F, which we discuss in more detail in Section 4.3. This constraint becomes

significant in higher layers, and for this reason that we shall restrict our comparison

between the simulation results and the experimental data to the first two layers.
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Figure 2- GCMC simulated adsorption isotherms of Kr on a structureless graphite at 87K and experimental
isotherms of Kr on Carbopack F at 87.3 K: (a) enlargement of the monolayer adsorption isotherm plotted on a semi-
logarithmic pressure scale, (b) adsorption isotherms up to second layer plotted on a semi-logarithmic pressure scale
and (c) adsorption isotherms up to second layer plotted on a linear scale. The full adsorption isotherms are detailed
in the Appendix.



To gain insight into the microscopic mechanism underlying the hysteresis, we first analyse the
isosteric heat as a function of loading (Figure 3) along with the simulation snapshots for different
loadings (Figure 4). The temperatures of the experimental isotherms (77.4K and 87.3K) are not
close enough for an accurate calculation of the isosteric heat from the Clausius-Clapeyron
equation, especially when coverage reaches the second and third layers, and we therefore expect
no better than qualitative agreement between experiment and simulation. Nevertheless, the
overall trends in the heat curve show good general agreement; for example both experiment and
simulation exhibit a continuous increase in the first layer, followed by a very sharp decrease at

the onset of the second layer and a constant heat across the 2D-transition in this layer.

29 c Total heat (a) Solid-fluid (b)) Fluid-fluid (c)

Qst (kJ/mol)

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Surface Excess (umol/m2) Surface Excess (umol/m2) Surface Excess (umol/m?)

Figure 3-The isosteric heat versus loading for krypton adsorption on a structureless graphite obtained from GCMC
at 87K (dashed line) and from experiments on Carbopack F at 77.4 K and 87.3 K (solid line). (b) and (c) are
respectively: the Solid-Fluid and Fluid-Fluid contributions to the isosteric heat obtained with GCMC. Points A to F
correspond to points marked on the adsorption isotherm in Figure 2.

The decomposition of the isosteric heats into contributions from the solid-fluid (SF) and fluid-
fluid (FF) interactions are shown in Figure 3b and c. At zero loading, the isosteric heat of 12
kJ/mol;is solely due to the interaction between krypton and graphite and is in good agreement
with the calculated value (12.03 kJ/mol) from direct Monte Carlo integration *’. As the loading
in _the sub-monolayer coverage region is increased, the isosteric heat increases and reaches a
maximum of about 22 kJ/mol when particles in the first layer form an almost perfect hexagonal
packing (Point C), consistent with observations from our previous studies ***°. The additional
10 kJ/mol comes from the six nearest-neighbour krypton-krypton interactions, which each
contribute approximately 1.37 kJ/mol together with contributions from neighbours in more

distant shells (Point C of Figure 4), whilst the contribution from the SF interaction remains



constant (Figure 3b). At this stage (Point C), the first layer of Kr molecules acts like a quasi-
surface for second-layer adsorption where an added krypton molecule interacts with three
nearest-neighbour molecules in the first layer (see Point D of Figure 4). Therefore, the isosteric
heat at the onset of second layer adsorption drops to a minimum of 8 kJ/mol, because there is a
decrease in the number of nearest-neighbour Kr-Kr interactions (from six to three) and also
because the Kr-graphite interaction is weaker since the second layer is further away from the

graphite surface.

Figure 4-Snapshots (top view) of the simulated krypton adsorption on a structureless graphite surface at 87 K
obtained from GCMC simulation. The krypton atoms in the first layer and second layers are shown as red and blue
circles respectively (colour online). Points B to G correspond to points marked as B, C, D, E, F, G of Figure 2.

As more molecules are added in the second layer, the isosteric heat increases, due to interactions
between the new molecule and existing molecules in the first and second layers. When the 2D

transition occurs in the second layer, the isosteric heat remains constant at 12 kJ/mol, of which 2



kJ/mol comes from the SF interaction, as seen in Figure 2b and the remaining 10 kJ/mol from the
FF interactions. This provides us with an excellent insight into how the 2D-condensation of the
second layer proceeds; there are six nearest neighbour pair interactions and a contribution from
neighbours in distant shells giving an equivalent of one ‘extra’ pair interaction. This comes
mainly from the interaction of a new molecule with the first layer and with molecules in the

second layer as its boundary grows.

The condensate in the second layer is initially liquid-like, but converts to hexagonal packing
when further molecules are added. Each molecule resides on top of three molecules in the first
layer and is surrounded by six molecules in the second layer (Point F in Figure 4), giving an
isosteric heat contribution of ~12 kJ/mol as confirmed by the FE contribution to the total

isosteric heat in Figure 3.

The boundary growth during the 2D transition of the second layer can be explained
systematically by the 2D-density contours obtained from kMC simulations™ in the canonical
ensemble, previously studied fora monolayer of adsorbed argon below the 2D-critical
temperature °'. Figure 6 shows the 2D-density contour for the specific points marked in Figure
5. At the spinodal Point 1, a patch of liquid-like krypton is present and grows to form a strip at
Point 2. With further increase in loading, the strip expands at the expense of the rarefied phase
(Point 3) and eventually the second layer becomes fully covered with solid-like krypton at
spinodal Point 4.

The NVT-KMC simulation also sheds some light on the hysteresis in krypton adsorption on
graphite. In Figure 6, the canonical isotherm exhibits a van der Waals-type loop with a vertical
section that is associated with a two phase coexistence region, as noted in our earlier work at 73
K ','which confirms the second layer hysteresis obtained with GCMC. The NVT-kMC
simulation also substantiates the presence of a horizontal hysteresis loop, noting that the
canonical isotherm fits in between the adsorption-desorption branch in the horizontal hysteresis

loop region.

10
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Figure 6-2D density plots of second layer Kr adsorption on a rectangular infinite graphitic surface of 30 og X100y at
87K from kMC simulation (colour online). Points 1,2,3 and 4 correspond to points marked in Figure 5.
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4.1.1 Local Properties Analysis

Our recent study ' suggests that the microscopic reason for the hysteresis lies in the restructuring
and progressive cohesiveness of the adsorbate as loading increases. In this section we
corroborate this argument by analysing the local density profiles at different stages in the
adsorption (Figure 7) and the compressibility of the first and second layers as a function of

pressure (Figure 9).

Local Density Distribution

The distinct peaks in the local density profile demonstrate the layering mechanism. After
formation of the first layer to a liquid-like state (Point B), there is a small vertical sub-step in the
isotherm at Point C, which signals the transition from the liquid-like state to an imperfect solid-
like state. The second vertical sub-step at Point D corresponds to further densification of the first
layer, and this imperfectly ordered state in the first layer remains stable until Point E, just before
the 2D-condensation to the second layer. The changes of the state in the first adsorbed layer at
these points can be seen in the 2D-density contour plots given in the Appendix. The most
interesting feature from the analysis of <the local density distributions is that, when the
condensation of the second layer occurs, there is a small but distinct transition in the density of
the first layer (From Point F to G), which is associated with the further densification of this layer

to an hexagonally packed 2D solid-like state.
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Figure 7- Local density profiles along the z-direction for Kr adsorption on graphite at 87 K obtained from GCMC
(colour online). Plots B to G correspond to points marked as B, C, D, E, F, G of Figure 2.
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This is supported by decomposing the isotherm into first and second layer contributions as
shown in Figure 8. This decomposition demonstrates that, while the total amount adsorbed is
conserved from Point F to Point G, the amount adsorbed in the second layer (Point G2) decreases
as the coverage in the first layer increases (Point G1). Over the same pressure range (from Point
F to G), the total density remains constant, which means that the increase in the first layer
density comes about at the expense of a decrease in the second layer density (see Figure 8),
indicating that molecules are transferred between the two layers. This observation emphasizes a
point that has not been well recognized in previous literature, namely: that lower layers may be
continuously compressed by addition to higher layers, and that at temperatures below the triple

point, a nearly perfect 2D solid may be formed, as is the case in this system.

Local Compressibility

The compressibility is defined as the negative of the relative change of relative volume with

pressure at constant temperature

K:_l(a_vj (3)
vior ),

and is related to the particle number fluctuation ** by,

13
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which is also a measure of the transferability of molecules within a system.

“4)

Figure 9 shows the local compressibility in the first and second layers: the compressibility of the
first layer is significantly lower because the layer is held strongly to the surface by the adsorption
forces, and has a high density. The first sharp decrease in compressibility corresponds to the
change to a liquid-like state at B. The compressibility of the first layer reaches that of the bulk
Kr solid at C, the first vertical sub-step in the simulated isotherm, but the compressibility of the

first and second layers continue to decrease with increasing pressure.

107 -

Liquid-like

10%4 B ‘v{-\\\_aimpression region

"~

Compressibility (1/Pa)
=]

— —  Bulk Kr Solid

o1 | ———— Idealgas

—O0— Compressibility - Layer 1
1014 —O0— Compressibility - Layer 2

10 T T T T T
0.01 0.1 1 10 100 1000

Pressure (Pa)

Figure 9 - Layer compressibility of the first and second layers during Kr adsorption on a structureless graphite at 87
K obtained from GCMC.

When the 2D-condensation occurs in the second layer there is a corresponding sharp decrease in
the compressibility in the second layer and in the first layer (Point E to Point F). This is again
indicative of the fact that a large addition of molecules into the second layer exerts some degree
of compression on the first layer inducing a solid-like state. At Point G, when some molecules
from the second layer squeeze into the first layer, there is an increase in the compressibility of
the first layer that can be attributed to the entry of molecules into the first layer. There is
apparently no noticeable change in the compressibility of the second layer at point G. This is

because the second layer is still in a liquid-like state, and a small change in the number

14



fluctuation in the second layer cannot be detected because the compressibility of the second layer

is two orders of magnitude greater than that of the first layer.

Nevertheless, the first layer compressibility at G is still below that of bulk Kr solid and this
supports our earlier assertion that when 2D condensation occurs in the second layer the first layer
becomes denser, changing from an dense disordered state to a compressed solid-like state. This
is clear evidence of adsorbate compression, and it is this phenomenon that gives rise to the
hysteresis because the pressure must be reduced to a lower value before the adsorbed layer can
evaporate, giving rise to a horizontal hysteresis loop after the evaporation of the second layer.
When desorption is carried out from two filled layers, there is a vertical hysteresis associated
with the evaporation of the second layer, but the desorption branch does not join the adsorption
branch; instead the density decreases until it coincides with that of the solid-like state of the first
layer (at Point G — see dashed line in Figure 8). A lower pressure is then required to bring it to a
less perfect solid-like state, resulting in a horizontal hysteresis loop; a feature that has not been
reported previously in the literature. The horizontal hysteresis loop eventually closes after Point
C, when the compressibility of the adsorbed first layer has decreased to that of a liquid state. We
can conclude that the hysteresis loop is caused by an irreversible compression of the first layer,
resulting from squeezing in of molecules from the second layer after the 2D-condensation, as the
first layer orders into a solid-like state such that desorption to bring it back into a liquid-like state

requires a pressure lower than the condensation pressure.

Effect of Repulsion on Local Compressibility

The 12-6 Lennard-Jones (LJ) pairwise potential and the corresponding Steele 10-4-3 potential
are used in this study to generate the GCMC adsorption/desorption isotherm. These potentials are
widely used to describe the fluid-fluid and solid-fluid interaction in adsorption studies although it
is - well-known that the inverse 12th-power repulsive term in the LJ model is empirical. In this
section, we investigate the effect of the repulsion on compressibility by modifying the pairwise

potential energy between LJ sites (¢, ) to have a shallower repulsion (10-6 potential) or a steeper
repulsion (18-6 potential). The potential energy of an LJ site with a structureless surface (@, ) is

modified accordingly to give an 8-4 potential or 16-4 potential as shown in Eq. (5)-(8) (plotted in

Figure 10). The derivation of these equations is provided in the supporting information.

15



The ¢, and @, for the 10-6 Potential is given by:
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Where r is the separation distance between two particles, z is the distance between the fluid

particle and the graphite layer and A is the spacing between two adjacent graphite layers. The

solid-fluid molecular parameters: the collision diameter G, and the interaction energy €, are

calculated from the Lorentz-Berthelot mixing rule.

-4 Pair Potential
2-6 Pair Potential
6-4 Pair Potential

Y

—Oo—
—o—
—o—

0.2 04 0.6 0.8 1.0 1.2 14

Z-direction (nm)

Figure 10- Modified solid-fluid potentials normal to the surface derived for the 8-4, 16-4 and 12-6 (to give the
standard 10-4-3 model) pair potentials.
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The adsorption isotherms for the 10-6 and 18-6 pair potentials are shown in Figure 11a and a

number of observations can be made from this plot:

1.

It is evident that up to monolayer coverage, the adsorbate densities for the three cases are
at the same level (see the lower dashed line in Figure 11a).

The 2D transition in the first layer is observed for the 10-6 Potential at Point A’ to B’ but
disappears when the repulsive interaction is increased. There are still two  distinct
substeps for the shallower repulsion (10-6) but these become less apparent for the steeper
repulsion, and only one substep was found for the 18-6 potential. These observations are

similar to the effects of increasing temperature, as studied previously .

The effect of the repulsive interaction on local compressibility is also evident in Figure 11b and

some interesting features are as follows:

1.

The compressibility of the 10-6 adsorbate is lower than that of the 12-6 adsorbate as the
weaker repulsion corresponds to less fluctuation because the attraction between the
molecules and between the adsorbate and the structureless solid is relatively weaker.
Similarly, the stronger repulsive interaction in 18-6 potential corresponds to a higher
compressibility as the adsorbed molecules are in a less cohesive state.

The compressibility drops sharply during the phase change (A’ to B’ and A”’ to B’”) and

2D condensation (E’ to'F’), as expected.

The aforementioned observations indicate that the repulsive interaction plays a significant role in

the simulated adsorption 1sotherm and local compressibility. The role of the repulsive term in the

potential equation might also be the reason for the discrepancies between simulation and

experiment because of the deficiencies of the 12-6 Lennard Jones and 10-4-3 potentials.

Nevertheless, the progressive compression as adsorption proceeds for all three potential models

is clearly evident and therefore supports the view that adsorbate compression is the origin of the

observed hysteresis.

17
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Figure 11- (a) Adsorption isotherms for Kr adsorption on a structureless graphite at 87 K for 10-6, 12-6 and 18-6
potentials obtained from GCMC,(b) local compressibilities in the first adsorbed layer, for 10-6, 12-6 and 18-6
potentials

4.2 Geometrical Factors

Other artefacts in a real solid adsorbent may affect surface adsorption. One such factor is that
Carbopack F has narrow interstices between the micro-crystallites of the adsorbent. The
enhanced potential field in the microporous spaces at these junctions means that adsorption there
may proceed by micropore filling, which could contribute significantly to the overall isotherm,
but would not show hysteresis if the pores are of micropore width. The geometrical constraint
caused by stacking of the microcrystallites may also become significant in higher layers, and for

this reason we have restricted our study to data from the first two adsorbed layers.
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Figure 12-(a) Illustration of interstices formed between two graphite surfaces, (b) schematics of the wedge pore
model using three Bojan-Steele layers for each wall, (c) adsorption isotherm for krypton at 87 K on a 20cff x 20cff
Bojan-Steele surface (empty symbols) and on a wedge pore model with L= 10nm, W1=3.33nm, W2=4.53nm (filled
symbols). The size of each graphite layer of the wedge pore model is 10cff x 10cff. 100,000 cycles were run for
both equilibrium and sampling stages for both surface and wedge pore model.

To evaluate the effect of crevice micropores we carried out simulations of krypton adsorption in
a wedge shaped confined space as a model for these interstices. Figure 12 shows the adsorption
isotherm for this model, together with the isotherm for the perfect graphite, discussed in earlier
sections. The two isotherms agree for adsorption up to the first two layers, then interference
from the junction begins to exert its influence in the third and higher layers, resulting in a more
gradual change in density in the third layer, in better agreement with the experimental data. The
isotherm for the perfect graphite on the other hand, exhibits a steep change in density when
coverage reaches the third layer. This is consistent with our analysis of adsorbate compression
and hysteresis in the first and second layers, and supports our argument that the reason for the
hysteresis observed in the first two layers is adsorbate compression, rather than interference by

capillary condensation.
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S. Conclusion

Krypton adsorption on non-porous graphite at 87K (below the bulk triple point of krypton) has
been found in previous work, to exhibit second layer hysteresis, contrary to the conventional
view that hysteresis is only associated with condensation and evaporation in mesopores. In this
study, we have confirmed this observation by experiments on Carbopack F (a non-porous carbon
adsorbent) supported by GCMC simulation. Analysis of local properties indicates that the
continuous densification and ordering of the adsorbate, especially in the first layer, as adsorption
proceeds in higher layers, is the primary reason for the hysteresis. We also find a horizontal
hysteresis loop in the first layer, both experimentally and in simulation, which we attribute to the
development of a solid-like state in this layer when the second layer condenses and molecules
migrate from the second layer into the first layer. This mechanism does not appear to have been

previously recognized in the literature.
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Appendix

Full Adsorption Isotherm

Figure A1l shows the full adsorption isotherm for krypton at 87K up to the condensation pressure,
obtained with GCMC on a continuum model graphite and experiments on Carbopack F. In the
simulations desorption was from a coverage of 46 pmol/m” and in the experiments from 103
umol/m’. It should be noted that the 87.3K experimental isotherm matches better with a

simulated isotherm at 88.5K (Figure Al(b)).
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Figure Al-Adsorption isotherm for krypton on a structureless graphite obtained from GCMC: (a)
at 87 K and (b) at 88.5K with the superimposed experimental data.

Effects of Temperatures

Figure A2 shows simulated isotherms for krypton at higher temperatures. In general the sharp
multilayer steps and area of the hysteresis loop diminish with increasing temperature due to the
increased thermal motion of the molecules. At 116K (bulk triple point of krypton), GCMC gives
a completely reversible isotherm. This is in contrast with the experiments on an exfoliated
graphite adsorbent reported by Kosugi et al., where hysteresis was found to occur at 116K.
Despite the general agreement between our simulation and their data,we suggest that this
difference is due to capillary condensation in spaces between graphite platelets. At this
temperature our simulations did not show any 2D-condensation or constant heat regions. At 120
K (boiling point of krypton), both simulation and Kosugi’s data show no hysteresis. The
reversibility of krypton adsorption at temperatures above 94.72K was also observed by Putnam

and Fort **. Hysteresis below 87K in GCMC simulation were reported by Rui et al'.
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Figure A2- (a) GCMC adsorption isotherm for Kr at 116K and 120K (b) GCMC isosteric heat
curves for 116 K and 120K. The curve for 120K is shifted by 10 kJ/mol (colour online).

2D-Density Contours

Figure A3-2D-density contours (colour online) for Kr adsorbed on a graphite surface at 87K. A-
D correspond to the points A, B, C, D in Figure 2 showing the change in the first layer from a
gas-like state (Point A) to a liquid-like state at B through an imperfect solid-like state (Point C)
to a more densified state at Point D.
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