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ABSTRACT: We explore the effect of fluorine doping on hydrophobicity of nanoporous silicon carbide-derived carbon
(SiCDC), and investigate the underlying barriers for adsorption and diffusion of water vapor and CO, in the fluorinated and
nonfluorinated structures. We develop atomistic models of fluorine-doped SiCDC at three different levels of fluorination, based
on a hybrid reverse Monte Carlo constructed model of SiCDC, and develop a novel first-principles force field for the simulation
of adsorption and transport of water and CO, in the fluorine-doped carbon materials. We demonstrate an apparent dual effect of
fluorination, showing that while fluorination generates more hydrophilic carbon surfaces, they actually act as more hydrophobic
structures due to enhanced energy barriers in the disordered network of microporous carbon. While an increase in adsorption
energy and in water uptake is seen for fluorine-doped carbon, large internal free energy barriers as well as the results of MD
simulations demonstrate that the increased adsorption is kinetically limited and not experimentally observable on practical time
scales. We show that an increase in apparent hydrophobicity due to fluorination is mediated by larger free energy barriers arising
from stronger binding of fluid molecules inside the pore network, as opposed to repulsion or steric hindrance to the diffusion of
molecules through narrow pore entries. For carbon dioxide, adsorption enthalpies and activation energy barriers are both

decreased on fluorination, indicating weakened solid—fluid binding energies in the fluorinated systems.

1. INTRODUCTION

The engineering of adsorbents to increase hydrophobicity is an
area of much current interest, as moisture present in gas
streams reduces the efficiency of processes for gas separation
and storage. Fluorination of porous carbon has long been
known to increase hydrophobicity,' > and has found
application not only in gas adsorption but also in proton
exchange membrane (PEM) fuel cells and microfluidic
devices.™® Fluorine-doped graphite (poly(carbon monofluor-
ide)) has been shown to be superhydrophobic,'® based on the
low sliding angles of water, while observations of high contact
angle on fluorine-doped amorphous carbon films with
diamond-like structure indicate these to be as hydrophobic as
polytetrafluoroethylene (PTFE)."' Nevertheless, despite such
evidence, fundamental studies of the apparently water-repelling
nature of fluorinated microporous carbon are scarce, and
mechanistic understanding of the increase in hydrophobicity
remains an open question.
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Studies have shown that fluorination of activated carbon fiber
(ACF) reduces N, adsorption, due to reduction in pore
volume, surface area and pore size'”'> and of the surface
energy,12 with the level of fluorination having an inverse
relation with pore volume, surface area and average pore width
of the sample.'® Li et al.'*" reported significant reduction of
N, and ethanol adsorption after fluorination of microporous
ACF, which they attribute to reduction of micropore volume
arising from pore blockage by C—F bonds. On the other hand,
for water the observed decrease in adsorption was found to be
much greater than that justified by the decrease in micropore
volume. This they take to be an indication of increased
hydrophobicity on fluorination and repulsive nature of the
fluorine atoms,'* since the basic microporous structure of the
ACF was considered unaltered by fluorination while the
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micropore wall structure adapted to the fluorinated state. Li et
al."> hypothesized that water clusters cannot be formed on the
fluorinated surface of F-ACF, while methanol and ethanol do
adsorb in the form of molecular clusters due to attractive vdW
interactions between their nonpolar functional groups and the
hydrophobic surface of F-ACF. An interesting feature of their
results is strong adsorption/desorption hysteresis for water, but
its complete absence for methanol and ethanol. While the
reasons for this were not discussed, the presence of significant
energy barriers for water adsorption/desorption would appear
likely. More recently, such hysteresis for water adsorption on
virgin and mildly fluorinated activated carbon, and a decrease of
water adsorption on fluorination has also been noted by
Parmentier et al.'® While they attribute the decrease of
adsorption on fluorination to increased hydrophobicity, they
also noted an increase in water content on the desorption
branch for the fluorinated material for relative pressure below
0.5, an indication of increased hydrophilicity.

Thus, it is clear that while there exists experimental evidence
for reduced water adsorption on fluorination, its interpretation
in terms of the concept of hydrophobicity is tenuous. Fluorine-
doped carbon forms a variety of complex covalently bonded
substances whose chemical and structural properties are
influenced by semi-ionic, ionic and van der Waals inter-
actions.'” Therefore, understanding the mechanism leading to
reduction of water uptake, or increase of “hydrophobicity”,
requires fundamental knowledge of the adsorption process at
molecular scales.

Here, we investigate the mechanisms underlying hydro-
phobicity of fluorinated microporous carbon to provide a clear
description of this concept. The strong structure-dependence of
adsorption necessitates access to a realistic representation of the
microporous network of carbon atoms, which is nontrivial. To
this end, we use a hybrid reverse Monte Carlo simulation-based
atomistic model of silicon carbide-derived nanoporous carbon
(SiCDC) for modeling fluorinated carbon samples. While this
structural model has been extensively validated against
adsorption data,'®™*" investigation of the effect of fluorination
on adsorption, using this as a platform, is unique to this study.
Here we design models of fluorinated silicon carbide-derived
carbon (F-SiCDC) at three levels of fluorination, based on this
virgin model, and investigate mechanisms underlying water
adsorption in these materials.

We also report on development of a novel first-principles
force field for the adsorption of water vapor and CO, in
fluorinated microporous carbon structures. Our study demon-
strates that while fluorination leads to more hydrophilic carbon
surfaces, they actually act as more hydrophobic structures, due
to enhanced energy barriers in the disordered microporous
carbon network, revealing an apparent dual effect of
fluorination.

2. COMPUTATIONAL DETAILS

Development of First-Principles Force Fields. We have
developed a new first-principles force field for CO, and water vapor
adsorption on fluorinated porous carbons. Considerable progress has
been made in recent years on development of force fields for
adsorption in porous materials, as reviewed by Fang et al*> We
performed DFT calculations on a 22 X 22 A sheet of fluorinated
graphene containing 150 carbon and 17 fluorine atoms, having a
circular defect at the center, of diameter ~9 A, on whose edge
unsaturated carbon atoms are fluorinated. A 3 X 3 X 3 extended super
cell of this structure, with interlayer distance equal to 20 A, shown in
Figure 1, was used for simulations. We used methods applied by Fang
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Figure 1. Fluorinated sheet of graphene with embedded defects in the
form of pores.

and co-workers to develop force fields for CO, adsorption in
zeolites,”>>° which have been validated for even smaller systems.

Geometry optimization of the periodic system was performed usin%
the dispersion-corrected DFT method of Grimme (DFT-D2)”
implemented in VASP*"?® following™**

N-1 N Cij
6
Edi5P< = "% Z Z —6'ﬁdamp (r’])

i=1 j=i+1 T (1)

where s is a global scaling factor for each functional, N is the number
of atoms, r;; is the interatomic distance for atoms i and j, and finally C'
represents the dispersion coefficient. Electron—ion interactions were
modeled using the projector augmented wave (PAW) formalism®*>°
with the Perdew—Burke—Ernzerhof (PBE) functional®' chosen for the
generalized gradient approximation (GGA). A plane wave basis set was
employed with an energy cutoft of 400 eV for valence electrons.
Reciprocal space was sampled at the I'-point only. Geometry
optimization was performed until forces on all atoms were smaller
than 0.03 eV/A.

Point charges on atoms in the fluorinated graphene were assigned
using the density-derived electrostatic and chemical (DDEC) charges
approach.**™* The DDEC method reproduces the electrostatic
potential exactly outside the electron distribution by partitioning the
electron and spin densities to compute net atomic charges and atomic
spin moments.>> > The effect of polarization was investigated by
calculating point charges of the fluorinated graphene in the presence of
water molecules and comparing the results with charges for the
isolated system. Polarization changed the total energy of the system by
only 8.6%. Our results show that the mean absolute deviation of the
charges in the polarized fluorinated graphene is 0.009¢ relative to the
unpolarized graphene. Also, the mean absolute deviation of charges for
polarized water molecules is equal to 0.03e relative to the SPC model
used in our GCMC and MD simulations. Thus, polarization mainly
affects the water molecules. We also note that the polarization effect is
implicitly considered here, since we match the solid—fluid adsorption
energy by fitting the parameters of the nonelectrostatic part of the
force field, while retaining the electrostatic part in the SPC water
model as discussed below. A similar approach has previously been
adopted by Calero et al,*® in which effective Lennard—Jones
interactions between the solid and weakly polarizable alkanes were
used. A much more computationally intensive calculation would
explicitly define a polarization term in the developed force field,*” but
was not attempted here.

Single point energy calculations (SPE) were performed for
individual water and CO, molecules interacting with the fluorinated
graphene using VASP. A large number of molecular configurations
were randomly generated for adsorbate molecules in a simulation box
containing the fluorinated graphene, to adequately sample the pore
space. This includes both low and high-energy configurations of
adsorbate molecules, so that the force field derived from our DFT data
appropriately describes different energy states of the system for
applications in grand canonical Monte Carlo (GCMC) and molecular
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dynamics (MD) simulations. For SPE calculations, relaxation of the
electronic degrees of freedom was terminated when variation of the
total energy between two consecutive iterations was smaller than
0.0001 eV. The solid—fluid interaction energy of the system obtained
from DFT calculations for all configurations was then fitted to the 12—

6 L potential model augmented by electrostatic interactions:*>**
Ch _ G 9
E(r;) = Eyqw + Ecou = Sn15 — S6—¢
P e @

Here, r; represents interatomic distances of ij pairs, Ci}, and C; are
repulsive and attractive coefficients respectively, g; and g; stand for
atomic charges of atoms i and j, and €, is the permittivity of free space.
s and s4 are global scaling factors for force field fitting. In this
equation, charges for water were taken from the SPC model®® and for
CO, from a model described by Nguyen et al. for CO, adsorption in
microporous carbon.***® Point charges of the solid fluorinated
graphene are obtained from our DFT calculations, as described
below. The second term in the right-hand side of eq 2 is the Grimme’s
dispersion-corrected form of attractive interactions without the
damping function of eq 1, since the repulsive term is explicitly
included.*® The repulsion coefficient C7,, is calculated following

Cl _ (Ro+ Ry
c 2 (3)
Here, the parameters C4 and Ry are taken from Grimme’s study on the
long-range corrected semiempirical GGA-Type density functional.*®
The attractive and repulsive terms of the vdW energy obtained from
eq 2 are equivalent to the corresponding terms in the usual 12—6 LJ
representation

2 6
0jj 0jj

ELJ(”i,') = 45,-,-

i i )
where ¢; is the minimum-potential well depth, o; is the distance, at
which interatomic potential energy is zero and r; is the interparticle
separation. In order to calculate &€ and ¢ from eqs 2 and 4, the
distances (1/ ri,-)12 and (1/ 1’,j)6 for each cross-species were measured in
an extended periodic cell of 3 X 3 X 3 model (Figure 1) to account for
vdW  contributions of neighboring atoms, beyond which such
contributions are negligible, as described by Zang et al.**

After an initial force field was generated using the DFT data
described above, this force field was used to generate a new set of
molecular configurations for water and CO, using GCMC. DFT-D2
energies of these newly generated configurations were then fitted to eq
4 once again to obtain a new set of interaction parameters (& and o).
This procedure was repeated iteratively until the values obtained for &
and o were converged,B’25 which is achieved after three iterations
here. In this way, a total of 905 and 676 molecular configurations were
generated and fitted for water and CO,, respectively. To ensure that
our force field captures a broader range of possible energy states, DFT-
D2 energies of all configurations, which were previously used for fitting
in all iterations, were combined and again considered for fitting, from
which the final L] parameters (listed in Table S1) were calculated. We
note that in this table the value of € for the F—H pair is equal to zero,
which arises from the fitting. This is consistent with the absence of L]
interactions for the hydrogen atom in SPC*® and SPC/E*" models of
water. Figure 2 illustrates the agreement between our fitted potential
and the full set of DFT-D2 interaction energies.

Modeling Fluorine-Doped CDC. We have developed atomistic
models of fluorine-doped SiCDC at different levels of fluorination,
having F/C atomic ratios of 0.019, 0.053 and 0.1, labeled as F-
SiCDC.1, F-SiCDC.2 and F-SiCDC.3 respectively. The skeleton of all
three models is based on a hybrid reverse Monte Carlo (HRMC)
constructed model of SiCDC, recently developed in our laboratory,"®
that has shown good performance against a wide range of structural
characterization, equilibrium and experimental kinetic uptake data for
different gases."*™>!

5971

Eforce-field (kJ/mol)

-5 0 5
(kJimol)

EDFT-D2

Figure 2. Comparison of the DFT-D2 energy with force field energy
for H,O and CO,.

The virgin SiCDC model consists of 3052 carbon atoms in a 40 A
cubic unit cell. This model was subjected to fluorination of the carbon
structure at the edges of carbon sheets, in addition to the carbon atoms
with unsaturated bonding. Such unsaturated carbons are found in the
amorphous SiCDC structure in substantial amounts, due to existence
of various structural defects in this material.'® The structure of the
fluorinated models was then optimized using the conjugate gradient
algorithm in GULP.** Bonded carbon—carbon interactions were
modeled using the reactive EDIP force field.**** Bonded F—C
interactions consist of two-body and three-body interactions, for which
the interaction parameters are given in Table S2. Nonbonded vdW
interactions for F—F and F—C pairs applied during geometry
optimization are calculated using the 12—6 LJ potential with cutoff
distance of 10 A. Details of L] parameters used in this section are also
provided in Table S2.

Partial charge distributions of the F-SiCDC models were
determined based on the pattern derived from the charge distribution
of the fluorinated graphene sheet, discussed above, in addition to the
partial charge distribution of a sample fluorinated disordered carbon
cluster removed from the original SiCDC model, as shown in Figure 3.

Figure 3. Fluorinated disordered cluster of carbon atoms removed
from the virgin SICDC model for charge calculations (nonfluorinated
edge atoms saturated with hydrogen).

The reason for including charge distribution of the disordered cluster
of carbon atoms in our investigation was to account for the effect of
curvature on the distribution of partial charges in the charge pattern
derived for the target F-SiCDC models. Details of calculations for
DDEC charges obtained from the DFT-D2 energy of the disordered
carbon cluster are similar to those discussed for the fluorinated
graphene sheet in the previous section.

Our calculations showed that effects of structural curvature on
distribution of partial charges are small. The charge distributions of the
fluorinated graphene, as well as the disordered carbon cluster are
presented in Table S3 and compared with the charge distribution
pattern derived for the F-SiCDC models in this work. This table lists
average partial charges of the first and second nearest carbon atoms,
which are ultimately connected to one or two fluorine atoms in every
given structure. For the F-SiCDC.1 model, having low level of
fluorination, we have adopted a charge distribution analogous to that
of the fluorinated graphene. However, for the other two models (F-
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SiCDC.2 and F-SiCDC.3), where fluorine atoms have stronger effect
on the second nearest neighboring carbons (ie., second nearest
carbons can be sometimes polarized by two fluorine atoms in their
vicinity), the pattern derived in the current study for charge
distribution has been utilized. Except for those atoms detailed in
Table S3, other carbon atoms (i, carbon atoms beyond second
nearest neighbor of fluorine) carry a constant partial charge of 0.004,
0.01, and 0.04 in F-SiCDC models 1 to 3, respectively, determined for
electroneutrality of the unit cells. Snapshots of the virgin and
fluorinated SiCDC models are illustrated in Figure 4.

(b) F-SiCDC1

(a) Virgin SiC-DC

Figure 4. Virgin and fluorinated models of SiC-DC.

3. RESULTS AND DISCUSSION

Structural Characterization of Fluorinated SiCDC.
Structural characterization of the models provides insight into
simulated adsorption isotherms and transport properties of the
system. Pore size distributions (PSDs) of the fluorinated
models were determined using the spherical probe geometric
approximation technique,***” and are depicted in Figure $.
These distributions show a clear trend of pore volume
reduction for pores in the range of 8—12 A. More detailed

016 1 —o— virgin SicDC ?
—-+— F-SiCDC1
cecemeeee F-SiICDC2 W
——a—- F-SiCDC3

0.14
= 0.12 -
0.10 -
0.08 -
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PSD (ccl/g solid

0.04

0.02 -

0 2 4 6 8 10
pore diameter (A)

Figure 5. PSDs of the fluorinated models compared with that of virgin
SiCDC.
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information regarding structural properties of the models is
provided in Table 1. The total pore volume (V,), specific
surface area (SA) and mean pore diameter of the SiCDC show
slight decreases on fluorination, consistent with experimental
results for fluorinated ACFs.">™"*

The computational techniques for determination of acces-
sible surface area and pore limiting diameter of the vir%in and
fluorinated models in our study are detailed elsewhere.* Here,
pore limiting diameter is the diameter of the largest spherical
probe that can permeate through the structure,***’ while the
mean pore diameter is defined by 2 V,"/SA.

We note here the formation of large pores at ~14 A in F-
SiCDC.1, and increase in mean pore diameter, despite
reduction in pore volume (Table 1). This occurs on relaxation
following structure optimization of the fluorinated carbon, and
is a complex process that depends on the location of the
randomly placed F atoms and the internal forces arising from
the potential model. Clearly swelling of some parts of the
structure along with shrinkage in others occurs. For example, it
is seen that the peak at ~9.5 A in the virgin carbon is
substantially lost in the fluorinated structures. This behavior is
consistent with published experimental characterization data for
fluorinated activated carbons, showing increased average
micropore width despite apparent reduction of pore volume
on fluorination.'*'® Nevertheless, the 14 A peak is however not
seen here in the more highly fluorinated structures, F-SiCDC.2
and F-SiCDC.3, because their larger number of F atoms reduce
the size of such larger pores, and lower pore volume.

Equilibrium Uptake of Water Vapor and CO, in F-
SiCDC Models. We have investigated the equilibrium uptake
of water vapor and CO, in all F-SiCDC models, and have
compared the results with that for virgin SiCDC to
demonstrate the effect of fluorination on adsorption of these
gases. Adsorption isotherms of gases have been predicted by
GCMC simulation, using the RASPA simulation package.”'
Water adsorption was predicted at 298 K and pressures up to
saturation pressure of the SPC model®® (3.26 kPa®).
Subatmospheric adsorption of CO, was simulated at 273 K
using the interaction model described by Nguyen et al.*>** In
both cases, vdW interactions are computed using 12—6 LJ
potential with cutoff distance of 34 A in a simulation box
containing a 2 X 2 X 2 array of unit cells. Electrostatic
interactions are calculated using Ewald formalism with cutoff
distance of 38 A. Periodic boundary conditions are applied for
all potential calculations. Several ab initio and empirical studies
have demonstrated that curvature of graphene-like carbon
sheets in nongraphitic carbon materials leads to enhanced
atomic interactions between solid carbon and adsorbate
molecules."®>>7™>° As suggested by these studies, we have
applied a scaling factor of & = 1.1417 to all carbon (solid)-fluid
cross-potential well-depths (g._,) of the force field developed in
this study, to account for the effect of carbon sheet curvature on
the adsorption strength:

c—f  _ c—f
€Carbon = aEGraphite

©)

The scaling factor « is usually applied to modify the value of
e‘aﬁphite, which is traditionally obtained using the Lorenz—
Berthelot mixing rules with the C—C well-depth of 28 K,
originally estimated by Steele for the interaction of adsorbate
molecules with graphitized carbon black.*® However, in this
study, we have applied this scaling factor on carbon (solid)-fluid
parameters of our own force field to account for the effect of
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Table 1. Structural Properties of Fluorinated and Virgin Models

fluorination level unit cell den51ty \/Al vt
(F/C) (g/em)  (eclp)* (ecp)"
virgin 0.00 0.951 0.674 0.564
SiCDC
F-SiCDC.1 0.019 0.995 0.639 0.533
E-SiCDC.2 0.053 1.044 0.573 0.487
F-SiCDC.3 0.10 1.092 0.485 0.431

“Helium accessible pore volume using the second virial approach50

SA mean pore diameter pore limitin maximum pore

(m*/g)° NG diameter (A diameter (A)
1866 7.23 7.44 13.14
1755 7.28 7.72 13.98
1682 6.82 7.29 13.04
1554 6.24 6.99 11.6

= (1/(my)) f e O/RT gy, Pore volume using geometric approximation
technique with hard sphere helium probe “Accessible surface area usmg hard sphere helium probe “Mean pore diameter = 2 V,'/SA

carbon sheet curvature in disordered SiCDC-based structures.
The original and scaled parameters are both provided in Table
SL.

As depicted in Figure 6, fluorination significantly enhances
uptake of water, in apparent contrast with experimental

—e— Virgin Si-CDC
—a— F-SiCDC 1
—a— F-SiCDC 2
—o— F-SiCDC 3

—e— Virgin Si-CDC
—=— F-SiCDC1
—a— F-SiCDC2
—e— F-SiCDC3

08

absolute adsorbed amount (mmol/g solid)

0.2

0.4 0.6

relative pressure (P/Pg)

0.8 1.0

Figure 6. Predicted adsorption isotherm of water. Inset shows
expanded view of low pressure region, P/P, < 0.4.

observations of decreased water adsorption after fluorina-
tion,"*'® so that the effect of pore volume and surface area
reduction is completely overshadowed. As seen in this figure,
higher levels of fluorination lead to higher water uptake. We
note that the last data point in the water isotherm of F-
SiCDC.2, as well as the last 6 data points in the water isotherm
of F-SiCDC.3 (i.e, for P/P, > 0.7) are not fully equilibrated,
although they are close to equilibration, as shown in the
Supporting Information (Figure S1—S3). The equilibration of
water at high relative pressures in the fluorinated systems was
extremely time-consuming. Nevertheless, this does not affect
our finding regarding the increasing trend of water isotherms in
the fluorinated systems, since full equilibration will achieve even
higher adsorbed amounts. Consequently, we can conclude that
fluorination increases hydrophilicity, evident also from the fully
equilibrated low pressure data points reported in Figure 6. This
is consistent with the experimental observation of enhanced
water uptake below P/P, of 0.5 by Parmentier et al'® In
particular, it may be seen that for the most highly fluorinated
SiCDC, model 3, 0’n/dP* < 0 for P/P,< 0.4 (Figure 6 inset),
albeit weakly, a clear indication of hydrophilicity in this region.
On the other hand the isotherms are fundamentally different
from those of Li et al,** suggesting that the covalent F—C
bonding arising in their system is not pertinent to our
fluorinated structure. Alternately, their isotherms may be
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different because they are affected by increased internal barriers
for water diffusion (demonstrated later in this paper), while our
GCMC-based isotherms are not affected by such barriers.
Analysis of the isosteric heat of adsorption and the
contributions of adsorbate—adsorbent and adsorbate—adsor-
bate interactions (Figure 7 (a—c)) clearly shows that water
molecules are more strongly attracted to the pore walls in the
fluorinated systems compared to the virgin material. As
depicted in Figure 7 (c), F-SiCDC.2 model shows a steep

—®— Virgin Si-CDC

isosteric heat of adsorption (kJ/mol)

(a) total heat —&o— F-sicDC
— — Latent heat of bulk water
0 T T T
0.0 0.2 0.4 0.6 0.8 1.0
relative pressure (P/P))
c
2
=
o —e— Virgin Si-CDC
£ 30 —=— F-SicDC 1
© —a— F-SiCDC 2
‘s —o— F-SiCDC 3
s
[
< ~
%3 20
c £
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5Z
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o
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2 (b) solid- fluid
[
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2 0.0 0.2 0.4 0.6 0.8 1.0
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c
2
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Figure 7. (a) Isosteric heat of adsorption of H,0O, and (b) fluid—solid
and (c) fluid—fluid interaction contributions.
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rise of fluid—fluid interactions at relative pressure of about 0.2,
an indication of the initiation of pore filling. However, the F-
SiCDC.1 model shows more gradual filling, with initiation of
pore filling near relative pressure of 0.3. The slope in the fluid—
fluid interaction increases with increase in pressure for the
fluorinated systems indicating lower hydrophobicity of these
systems compared to the virgin material. The F-SiCDC.3
model has a high fluid—fluid interaction energy (magnitude >20
kJ/mol) even at the lowest pressure sampled. This suggests
very early initiation of filling of some part of the pore space at
very low pressures not captured in this figure, an indication of
much lower hydrophobicity. The dominance of the fluid—fluid
contribution to the heat of adsorption shows that interadsor-
bate interactions are more significant at elevated pressures. This
is not surprising since hydrogen bonding stabilizes formation of
water clusters at pressures close to the saturation pressure of
water.”’ "% In our previous studies on adsorption of water
vapor in the hydrophobic virgin SiCDC, we showed that such
clusters barely form below saturation pressure.®> Nevertheless
according to Figure 6, pore filling starts well below the
saturation pressure for the fluorinated systems. A key question
is then what provides the seed for early clustering of water
molecules in the fluorinated systems?

To address this question, vdW and Coulombic contributions
to fluid—fluid and solid—fluid interactions have been calculated
at low pressure points, where hydrogen bonding is not
significant. As illustrated in Figure 8, solid—fluid vdW
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Figure 8. Fluid—fluid and solid—fluid contributions of vdW and
Coulombic interactions of (a) virgin SiCDC and F-SiCDC.1 and (b)
F-SiCDC.2, at low relative pressures.
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interactions are the strongest interatomic interactions at these
pressures, which also show an increasing trend with the level of
fluorination of the models. In this figure, we have provided the
results for the virgin SiCDC, as well as F-SiCDC.1 and F-
SiCDC.2. The results from the F-SiCDC.3 model are not
provided here as they require extremely lengthy simulations for
convergence. Nevertheless, we do not expect to see any
difference in the pattern, which is reported here for the other
three porous carbons.

As seen here, solid—fluid vdW interactions seem to be the
main governing interatomic potential at low pressures. The
results above suggest that fluorination gives rise to enhance-
ment of vdW interactions between water molecules and the
pore walls. Comparison of the potential strengths of F—O and
C—O pairs in Table S1 suggests that F—O interactions are
more important in this regard than C—O pairs. The radial
distribution functions of F—O pairs for different F-SiCDC
models at the lowest pressure indicate apparent increase
adsorbate multilayers (or water clustering), as seen in Figure 9
(a), considering the magnitude of the second RDF peak relative
to the first is larger for the systems with higher fluorination.
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Figure 9. RDFs of the (a) F—O and (b) C—O pairs at the lowest
pressure (P/P, = 0.05).

The decrease in magnitude of the first RDF peak in Figure 9
(a) relates to the presence of water predominantly in the most
highly confined (thus more energetic) pore regions, which are
filled first at the low pressure, P/P, = 0.0S, at which the RDF is
determined. On increasing fluorination the decreased hydro-
phobicity (or increased hydrophilicity) leads to a dispropor-
tionately larger amount of water going into the smallest pores
(the most confined regions), which provide the most energetic
spaces. This increases the water clustering, and reduces the
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intensity of the first peak after averaging over all F—O pairs in
the carbon.

In contrast, Figure 9 (b) shows that formation of such
multilayer structures is weaker around carbon atoms in the
virgin and F-SiCDC.1 as well as F-SiCDC.2 carbons, with the
first peak increasing in magnitude relative to the second for F-
SiCDC.1 and E-SiCDC.2. Given the abundance of carbon over
fluorine, this is an indication of weaker hydrophobicity or
improved hydrophilicity, supported by the slight shift of the
peak position to smaller C—O distance. The higher relative
magnitude of the second peak for F-SiCDC.3 is clearly due to
water clustering over the first shell due to much larger amount
adsorbed at the same relative pressure of 0.05, evident in Figure
6, and is the case for both the F—O and C—O RDFs. The
snapshots in Figure S4 of the Supporting Information provide
evidence of water clustering in the small pore regions of the F-
SiCDC.3 model.

Overall, Figure 8 and Figure 9 together indicate that
fluorination encourages formation of the adsorbed phase
around fluorine atoms at very low pressure due to stronger
F—O vdW interactions in narrow pore regions. In addition, the
increasing trend of water adsorption with pressure (Figure 6)
suggests that once sufficiently large number of water molecules
is adsorbed around fluorine atoms at low pressures, water
molecules start to progressively evolve into stable molecular
clusters, which is expected to be fast growing due to the
increased fluid—fluid interactions at elevated pressures (Figure
7 (c)). Subsequently, such water clusters grow until they fill the
entire pore space, which is generally seen in the pore filling
mechanism of microporous carbon materials.*>*

On the basis of the above argument, fluorinated surfaces of
carbon appear to be less hydrophobic than the virgin material.
The highly fluorinated model 3 could reasonably be described
as being hydrophilic. Our finding is further supported by a
recent DFT study with the same functional used in our
calculation on adsorption of water in C,F (a stable
fluorocarbon derivative of graphene). The study reveals
anomalous superhydrophilicity of the fluorinated graphene,65
although we note that dispersion-correction is not applied in
the DFT-GGA calculations in that study.

Figure 10 depicts subatmospheric adsorption isotherms of
CO, at 273 K. As illustrated here, fluorination decreases

—— Virgin SiC-DC
—&— F-SiCDC 1
—4A— F-SiCDC 2
| —e— F-SicDC 3

absolute adsorbed amount (mmol/g solid)

T T T T T

40 60 80

pressure (kPa)

100 120 140

Figure 10. Subatmospheric adsorption isotherm of CO, at 273 K.
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adsorption of CO, considerably even at the lowest level of
fluorination. This unusual behavior is explained by the
reduction in strongly adsorbing sites, evident from the variation
of heat of adsorption with pressure discussed below.

In Figure 11, it is seen that the steep drop in heat of
adsorption of CO, at low pressure in the virgin SiCDC is

. 36
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©
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Figure 11. Isosteric heat of adsorption of CO,.

absent in the fluorinated materials, indicative of elimination of
the most strongly adsorbing sites on fluorination.

This is supported by Figures S5 and S6 of the Supporting
Information. Figure SS shows steep drop in the solid—fluid
contribution to the heat of adsorption at low pressure, on
fluorination. Figure S6 demonstrates that fluorinated carbon
has lower affinity toward CO, molecules compared to the virgin
model, by virtue of significantly weaker vdW interactions. The
reduction in the solid—fluid vdW interactions of the fluorinated
model is mainly governed by the weaker C—O L] interactions,
which dominate the effect of other LJ interactions by virtue of
its larger number. Thus, it is evident that the reduction in CO,
adsorption arises from weakening of the solid—fluid inter-
actions due to reduction in high energy sites on fluorination.

We have estimated the fractional density of states for H,O
and CO, in the virgin and F-SiCDC.1 models, based on the
vdW energy of a single H,0/CO, probe molecule at every grid
point of a 50 X 50 X 50 grid network within the unit cell, and a
Boltzmann occupancy factor. Figure 12 (a) shows that for H,0
there are more high energy states (E < —10.6 kJ/mol) in F-
SiCDC.1 than in the virgin carbon, consistent with increased
hydrophilicity. It also shows that there are fewer low energy
states (E > —10.6 kJ/mol) for water in the fluorinated carbon
compared to the virgin SiCDC. Interestingly, Figure 12 (b)
shows that changes in distributions of high and low energy
states are opposite for CO,, supporting our argument that
many of the high energy adsorption sites for CO, are lost in the
fluorinated model compared to the virgin SiCDC.

Hydrophobicity of the Fluorinated Systems Due to
Internal Energy Barriers. As discussed earlier, experimental
measurements suggest that fluorination enhances hydro-
phobicity of microporous activated carbon. In contrast, our
GCMC simulations predict a more hydrophilic mechanism for
adsorption of water on fluorinated SiCDC. A plausible
hypothesis to reconcile these observations is that fluorination
leads to more strongly adsorbing sites for water, but this
enhances internal free energy barriers within the structure and
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Figure 12. Fractional density of states in virgin and F-SiCDC.1 models
for (a) water and (b) CO,.

reduces pore accessibility. Since GCMC results are insensitive
to such barriers, they will show increased equilibrium uptake of
water on fluorination, while the experiment, which is sensitive
to such barriers, can be negatively affected and not attain
equilibrium on practical time scales.

To test this idea, we performed equilibrium molecular
dynamics (EMD) simulation for both water and CO, in the
fluorinated and virgin SiCDC models using LAMMPS. The
simulations were performed in the canonical (NVT) ensemble
using a Verlet time integrator with a time step of 0.5 fs. Short-
range intermolecular interactions were modeled using the 12—6
L] potential with a cutoff distance of 18 A in the 1 X 1 X 1 unit
cell. Similar to the interaction parameters used for GCMC
simulations, a scaling factor of 1.1417 was applied to all carbon
(solid)-fluid cross-potential well-depths (ec_f) in the developed
force field to account for the effect of carbon sheet curvature on
the adsorption strength,lg’53_55 as detailed in Table S1. The
standard Ewald formalism was employed for electrostatic
interactions with cutoff distance of 18 A, in such a way that
pairwise interactions within this distance were computed
directly and those outside this distance were calculated in
reciprocal space. Periodic boundary conditions were applied on
a rigid unit cell. Self-diffusivities for rigid models of water and
CO, were calculated in the limit of infinite dilution (one
molecule per unit cell) using the Einstein formulation for the
mean squared displacement.’” For every simulation 15
independent trajectories were collected to calculate mean-
squared displacement (MSD) of the system after the molecules
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entered the Fickian region and traversed the entire lattice
length. An example of converged MSD is illustrated in Figure
S7 in the Supporting Information section. From the self-
diffusion coeflicients obtained at various temperatures, we have
estimated the Arrhenius activation energy similar to our
previous studies for diffusion of CO, and CH, in virgin
SicDC."

Figure 13 demonstrates the temperature dependence of the
self-diffusion coeflicient of water and CO,. Fluorine doping
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Figure 13. Variation of self-diffusion coefficient with temperature, for
(a) water and (b) CO, in fluorine-doped and virgin SiC-DC models.

strongly increases the activation energy barrier (E,) of the
system for the diffusion of water. E, for the F-SiCDC.3 model is
almost 10 times larger than that of the virgin SiCDC.
Correspondingly, there is a drop in the self-diffusion coefficient
by about S orders of magnitude at 298 K. We found that the
self-diffusion of water in the highly fluorinated system (i.e., F-
SiCDC.3) is extremely slow at low and moderate temperatures
(250—298 K), so that even after 200—400 ns of simulation
time, water molecules have not entered the Fickian regime. The
self-diffusivity of water at 250 and 298 K is of the order of 107"
m?*/s, and for this low value of the diffusivity molecules are
unable to traverse the entire unit cell for simulation times
accessible using normally available computational resources.
These two points are illustrated in Figure 13 (a) but not
included in calculation of activation energy. Experimentally,
energy barriers for transport of water in fluorinated SiCDC are
likely to be even larger, because of the possibility of long-range
barriers not captured by the present 40 A unit cell. We have
shown a similar scenario in our recent studies on adsorption of
CO, in virgin SiCDC by comparing the simulation-based
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diffusion coefficients with those obtained from kinetic uptake
measurements, demonstrating simulation-based values to be
several orders of magnitude larger.”®

Indeed, the experimentally measured adsorption isotherm of
water in pristine SICDC sample is shown to have a very long
equilibration time,* of the order of hours, indicating that
adsorption of water is kinetically highly restricted in this
material. Given the larger activation energy barriers of
fluorinated models compared to the virgin SiCDC reported
in this study, one predicts much smaller diffusion coefficients
for fluorinated samples using the Arrhenius relation. On the
basis of the change in activation energies, seen in Figure 13 (a),
reduction in the diffusion coeflicient by a factor of about 23.6,
1.2 X 10° and 2.4 X 107 respectively, is estimated for the three
fluorinated carbons, since the change in pre-exponential factor
will be much smaller. Thus, experimental observations in which
hydrophobicity of the system is increased and adsorption of
water is reduced in fluorinated activated carbons, can be
reasonably explained by our results.'*"

In contrast to water, fluorination reduces the activation
energy barriers for CO,, as shown in Figure 13 (b). This finding
is supported by a recent DFT study based on the use of GGA-
PBE functional, in which Wu et al.”” have shown that fluorine-
modified porous graphene has a smaller energy barrier for CO,
diffusion compared to the nonfluorinated graphene. In our
study, the reduced CO, uptake (Figure 10), in addition to
smaller solid—fluid heat of adsorption of this molecule (Figure
SS (a)), along with the decreased activation energy barriers of
the fluorinated models for CO,, suggest that fluorination
reduces strength of the solid—fluid binding interactions for
carbon dioxide.

To further support our finding regarding activation energy
barriers of water and CO,, we have investigated internal energy
barriers of the systems for these molecules at infinite dilution
based on analysis of the Helmholtz free energy map of the unit
cell. In this method, initially developed by Haldoupis et al.*’
and subsequently extended by Sarkisov,”"”? the difference
between the minimum free energy of the unit cell along its
percolation path, and the percolating free energy threshold of
the unit cell along the same path, is defined as the limiting free
energy barrier of the system. Figure 14 shows these energies for
water and CO, at 298 K in the materials we considered.

As depicted here, the minimum free energy of the system is
decreased with the level of fluorination for water, which is an
indication of the enhanced hydrophilicity arising from
fluorination of SiCDC. A similar conclusion can be made
based on decreasing trend of the percolating free energy
threshold for water. It is also evident from this figure that
limiting free energy barrier of the system is significantly
enhanced with increasing fluorination level. These results
support our findings regarding the dual effect of fluorination,
showing increasing hydrophilicity of the system, evident from
GCMC simulation, together with increase in activation energy
barriers for water obtained from EMD simulation.

In agreement with the results obtained from our GCMC and
MD simulations, Figure 14 (b) suggests that fluorination
weakens adsorption of CO, in F-SiCDC models and leads to
reduction of the energy barrier of these systems for CO,. In
general, reduction of the activation energy barrier for CO,, with
simultaneous increase of the energy barrier for water vapor,
suggests that fluorination can effectively improve selectivity of
CO, over H,0 in CO,/H,0 mixtures, at least in the limit of
infinite dilution.
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4. CONCLUSION

Our studies demonstrate that fluorination decreases the pore
volume, surface area and mean pore diameter of SiCDC, in
agreement with experiment. Comparison of the simulated
adsorption isotherm of water in fluorinated SiCDC with that of
the virgin material shows that fluorination considerably
increases equilibrium uptake of water. On the other hand our
computations, including calculation of activation energy
barriers using MD simulations and analysis of the free energy
map of the unit cells, demonstrate that fluorine doping
remarkably increases internal energy barriers of the system
for water vapor. These results explain the increase in
hydrophobicity on fluorination of activated carbons, reported
in the literature, as being an apparent effect that is governed by
increase in internal energy barriers in the fluorinated system.
The increase in internal energy barriers arises from stronger
binding of fluid molecules inside the pore network, or decrease
in hydrophobicity, as opposed to repulsion or steric hindrance
to the diffusion of molecules through narrow pore entries.
Thus, the results provide new insight into this apparently dual
effect of fluorination, showing that while fluorination generates
more hydrophilic carbon surfaces, they effectively act as more
hydrophobic structures.

Further, we have demonstrated that fluorination gives rise to
reduction of CO, uptake, despite decreasing internal energy
barriers of the system for CO, diffusion. It is also shown that
decrease of carbon dioxide adsorption is not due to physical
restriction at pore entries but it is mainly because of the
weakened solid—fluid binding energies after fluorination.
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Finally, reduction of activation energy barriers for CO, on
fluorination, as well as increase of these barriers for water vapor,
suggests that this can improve selectivity of CO, over H,O in
CO,/H,0 gas mixtures.
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