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h i g h l i g h t s

� Graphene porous materials were
constructed by intercalating
fluorinated graphene.

� Both amino end groups of diamines
during intercalating show a different
reactivity.

� The porous properties depend on the
size and structure of diamine
intercalants.

� The intercalation of ethylenediamine
shows excellent CO2 absorption
performance.
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a b s t r a c t

A mild, operationally simple and controllable protocol for preparing graphene-based porous materials is
essential to achieve a good pore-design development. In this paper, graphene-based porous materials
with tunable surface area were constructed by the intercalation of fluorinated graphene (FG) based on
the reaction of reactive CAF bonds attached to graphene sheets with various amine-terminated mole-
cules. In the porous materials, graphene sheets are like building blocks, and the diamines covalently
grafted onto graphene framework act as pillars. Various diamines are successfully grafted onto graphene
sheets, but the grafting ratio of diamines and reduction degree of FG differ greatly and depend on the
chemical reactivity of diamines. Pillared diamine molecules chemically anchor at one end and are capable
of undergoing a different reaction on the other end, resulting in three different conformations of gra-
phene derivatives. Nitrogen sorption isotherms revealed that the surface area and pore distribution of
the obtained porous materials depend heavily on the size and structure of diamine pillars. CO2 uptake
capacity characterization showed that ethylenediamine intercalated FG achieved a high CO2 uptake den-
sity of 18.0 CO2 molecules per nm2 at 0 �C and 1.1 bars, and high adsorption heat, up to 46.1 kJ mol�1 at
zero coverage.
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1. Introduction

Graphene-based porous materials with designed porous nanos-
tructure and high surface area are the most promising carbona-
ceous materials with potential applications such as catalytic
supports and selective adsorbents because of their unique molecu-
lar structure and many exciting properties such as high mechanical
strength, good chemical stability, large accessible surface area, and
tunable porosity [1–3]. Recently, graphene-based porous materials
have been widely developed such as N-doped porous graphene-
based materials, which were mostly prepared by high temperature
carbonization [4–7]. However, porous materials obtained in this
way generally exhibit an uncertain chemical structure and a poor
controllable or tailored pore structure due to the complicated
decomposition process under such high temperature [8–10].
Therefore, a mild, operationally simple and controllable protocol
for preparing graphene-based porous materials is essential to
achieve a good pore-design development and a clear chemical
structure.

Changing the interlayer spacing in few-layer graphene to gener-
ate novel porous materials would be an attractive alternative to
develop new adsorbents with tailored properties for gas capture
applications [11], since the simplicity of these reactions allows
for the facile control over the physicochemical characteristics of
the derivatives [12,13]. Modification of graphene oxide (GO)
through intercalation or covalent linking with amines has been
attempted to produce easy-to-design bridged or pillared graphene
nanostructures [14,15]. However, the diversity of oxygen-
containing groups on GO makes grafting reaction process
uncontrollable and limits grafting sites, making GO not an ideal
candidate for preparing porous materials with a tailored pore
structure [16].

As a prominent member of the graphene derivatives, fluori-
nated graphene (FG) is a two-dimensional layered nanomaterial,
which can be capable of undergoing one-dimensional expansion
along its c-axis. FG can be prepared by fluorinating graphene or
chemical/mechanical exfoliation of graphite fluoride [17,18].
Importantly, its properties can be tuned by adjusting the degree
of fluorination [19,20]. As was previously reported, the fluorinated
carbon backbone of these structures can serve as an activated pre-
cursor for diverse post-synthetic substitution reactions such as
substitution reaction with amine-terminated molecules [21,22],
providing essentially infinite possibilities to precisely fabricate
graphene derivatives with desired properties [23–25]. A very
recent paper describing the preparation of thiofluorographene
from FG supports this idea [26]. Furthermore, unlike with GO, flu-
orination provides a single reactive CAF bond (F/C ratio up to
above 1.0) instead of an ensemble of functional groups, thereby
greatly simplifying the chemistry [27,28]. Therefore, FG can serve
as an ideal precursor for preparing a variety of graphene deriva-
tives with desired chemical structures and specified properties.

The purpose of this article is to prepare graphene-based porous
materials via a mild chemical method as well as to elucidate the
chemical reactivity of FG. In this work, we present an easy and con-
trollable method to construct graphene-based porous materials via
chemical modification of fluorinated graphene sheets with various
organic diamines. Several different sizes of diamines ranging from
inert aromatic diamines to active aliphatic diamines and computa-
tional simulation methods have been used with the objective of
controlling the surface area and pore volumes by varying the size
and structure of intercalants as well as assessing the reactivity of
these functional groups in the intercalated structures. The results
show that the intercalated difunctional molecules chemically
anchor at one end and are capable of undergoing a different reac-
tion on the other end. Furthermore, the obtained materials exhibit

different porogenic behavior that is sensitive to the size and molec-
ular structure of the intercalants. CO2 adsorption characterization
suggests that the large CO2 uptake is due to a combination of
high-density strong basic sites and narrow microporosity.

2. Experimental

2.1. Materials

The F2/N2 (10 vol% for F2) mixture with purity up to 99.99%
were obtained from Chendu Kemeite Fluorine Industry Plastic
Co., Ltd. Ethylenediamine (EDA), hexamethylenediamine (HDA)
and P-phenylenediamine (PPD, 97%) were obtained from Chengdu
Kelong Chemical Reagent Co., Ltd. 4,40-diaminodiphenylmethane
(DDM, 99%) and 4,40-diaminodiphenyl sulfone (DDS, 98%) were
purchased from Chengdu Best Reagent Co., Ltd. The detailed infor-
mation of the above diamines including their chemical structure,
charge density of nitrogen atom and molecule size is presented
in Fig. 1 and Fig. S1 (see Supporting Information file). All other
chemical reagents were commercially analytical grade and used
without further purification.

2.2. Preparation of fluorinated graphene

Fluorinated graphene was prepared using previously reported
direct heating fluorination method [29]. The spongy graphene
oxide (GO) prepared by modified Hummer’s method was placed
in one container filled with the chemical reducing agent hydrazine
(80 wt% water solution, 5 mL) and kept at room temperature for
72 h. Then the product was dried at 100 �C, and called as reduced
spongy GO [30,31].

The fluorination was carried out in a Teflon lined autoclave
using F2/N2 mixture (10 vol% F2). An amount of reduced spongy
GO (50 mg) was placed in the Teflon liner, and the autoclave was
evacuated and filled with F2/N2 mixture under 0.4 bar pressure.
Fluorination proceeded with the temperature increasing from RT
to 180 �C at a rate of 4 �C min�1, and maintained at this tempera-
ture for 1 h. After the completion of reaction, residual F2 and
by-products in the chamber were pumped out, then N2 gas was
carefully introduced into the chamber until atmospheric pressure
was reached, at which point the sample could be extracted. The
above fluorinated graphene was hereafter referred to as FG.

2.3. Preparation of various graphene derivatives

FG (50 mg) was dispersed in ethanol with the aid of ultrasonica-
tion for 30 min and then transferred to a one-necked round bottom
flask with EDA (1.2 g, 20 mmol) in the presence of pyridine (3
drops) as a catalyst under a nitrogen atmosphere at 80 �C for 5 h
[32]. The resultant suspension was diluted with ethanol and iso-
lated by centrifugation to remove the unreacted EDA, and then fil-
tered using a PTFE membrane filter with an average pore diameter
of 0.22 lm. The ethylenediaminated FG were further washed in
Soxhlet extractor using ethanol at 90 �C under a protection of
nitrogen atmosphere in order to remove the physically adsorbed
EDA. Finally, samples were dried in a vacuum oven at 60 �C for a
minimum of 12 h prior to characterization. The graphene deriva-
tive, ethylenediaminated FG, is hereafter referred as FG-EDA.

The subsequent reactions with HDA and aromatic diamines
(PPD, DDM and DDS) in the equal molar ratio with EDA were con-
ducted following the same procedure in the case of FG-EDA,
denoted as FG-HDA, FG-PPD, FG-DDM and FG-DDS (hereinafter
collectively referred as graphene derivatives), respectively. The
functionalized FGs with aromatic diamines (such PPD, DDM and
DDS) needed be washed in Soxhlet extractor for a longer time
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