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Thermoregulated Phase-Transition Synthesis of Two-Dimensional
Carbon Nanoplates Rich in sp2 Carbon and Unimodal Ultramicropores
for Kinetic Gas Separation
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Abstract: The development of highly selective, chemically
stable and moisture-resistant adsorbents is a key milestone for
gas separation. Porous carbons featured with random orienta-
tion and cross-linking of turbostratic nanodomains usually
have a wide distribution of micropores. Here we have
developed a thermoregulated phase-transition-assisted synthe-
sis of carbon nanoplates with more than 80 % sp2 carbon,
unimodal ultramicropore and a controllable thickness. The
thin structure allows oriented growth of carbon crystallites, and
stacking of crystallites in nearly parallel orientation are
responsible for the single size of the micropores. When used
for gas separation from CH4, carbon nanoplates exhibit high
uptakes (5.2, 5.3 and 5.1 mmol g@1) and selectivities (7, 71 and
386) for CO2, C2H6 and C3H8 under ambient conditions. The
dynamic adsorption capacities are close to equilibrium uptakes
of single components, further demonstrating superiority of
carbon nanoplates in terms of selectivity and sorption kinetics.

The discovery of selective soild adsorbents for sorting of
molecules with similar sizes by adsorption technique would be
a fundamental breakthrough for gas separation in chemical
industry.[1] Porous carbon materials have been widely used as
adsorbents in gas separation because of their intrinsically
good chemical-, thermal- and moisture-resistant properties.[2]

Micropore size is primarily the first consideration in selecting
an adsorbent for a specific separation.[3] However, chemical
synthesis of microporous carbons with extremely uniform
ultramicropores has not been fully approached.

During pyroylsis of bulky organic substances, the uneven
distributions of the mass and heat transfer generally lead to
a random orientation and rigid cross-linking of turbostratic
nanodomains by high contents of sp3 carbon, consequently
forming an uncontrolled micropore size distribution and large

amount of unaccessible pores.[4] Furthermore, severe pore
tortuosity in porous carbons often results in long diffusion
paths for gas molecules, thus a low use of the overall
porosity.[5] For practical application, for example, in a dynamic
flow situation, the adsorption capacity of the porous carbons
is determined largely by the adsorption kinetics, which is
closely related to size, depth, shape and connectivity of the
pores.[6] For example, in the end-closed micropores, all the gas
molecules will be unable to transfer out of the inner porous
network, resulting in remixing of the adsorbates and thus low
separation selectivity and adsorption capacity.

To address these issues, we have developed a thermo-
regulated phase transition method for the selective synthesis
of two-dimensional (2D) flat carbon nanoplates (FCP) with
extremely uniform and accessible ultramicropores, orientated
growth of sp2 carbon, and controllable thickness. Such 2D
nanostructures have major advantage in the adsorption
kinetics, owing to their larger accessible geometrical surfaces
and shorter diffusion paths compared to their bulk counter-
parts. As illustrated in Figure 1, the hydrophobic stearic acid
(SA) with a melting point of 66 88C was liquefied at 80 88C, and
then dispersed into surfactant F127 aqueous solution to form
a uniform microemulsion. A subsequent cooling process to
28 88C caused the SA to undergo a phase transition from liquid
to solid followed by Ostwald ripening. As a result, a suspen-
sion of SA sheets was formed. Notably, the geometry of SA
determines the formation of anisotropic sheet colloids as
opposed to energetically favorable spherical structures (see
Figures S1–6 in the Supporting Information).[7] Subsequently,
the SA sheets with an abundance of carboxylic acid groups
guide the interface assembly and polymerization of resorci-
nol/formaldehyde/propylamine through hydrogen bonding
(Figures S7). Finally, 2D carbon nanoplates were achieved
after pyrolysis, which were named as FCP-1, -2, and -3,
corresponding to pyrolysis temperature of 600, 800, and
1000 88C.

SEM images of the carbon samples show a 2D flat
structure with micrometer lateral dimensions (ca. 4 mm X
1 mm). The thicknesses can be tuned from 65, 54, 43 to
30 nm by varying the mass ratio of SA/resorcinol (Figures 2a
and S8). A linear relationship is established by plotting the
thickness versus the SA/resorcinol mass ratio, so proving
precise control of the FCP structure (Figure 2b). The almost
transparent appearance of FCP in the TEM image confirms
their ultrathin nature (Figure 2c). Notably, oriented multi-
layer regions consisting of several graphene layers are
observed at the edge of FCP, even after pyrolysis at 600 88C
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(Figures 2 d and S9). These characteristics make FCP distin-
guishable from other amorphous carbon mateials in which the
short turbostratic nanodomains are randomly oriented and
cross-linked.[8] Pyrolysis temperatures have little effect on
FCP morphology (Figure S10), indicating great thermal
stability. N2 sorption measurements show that FCP samples
exhibit a type I isotherm, reflecting the microporosity.
Remarkably, the pore sizes are uniformly concentrated at
5.3, 5.6 or 5.8 c, at pyrolysis temperatures of 1000, 700 and
600 88C, respectively (Figures 2e,f and Table S1). Moreover,
K2CO3 activation has significantly increased the pore volumes
and surface areas, as shown by FCP-1-KC, without affecting
the pore size distribution. To our knowledge, porous carbon
materials having such a single-sized pore system have not

been reported yet. The uniformity of the micropore sizes is
attributed to the excellent structure homogeneity of FCP.

By contrast, carbon nano- and microspheres having the
same polymer precursor as FCP, show a wider pore size
distribution ranging from 5 to 20 c in diameter (Figure S11
and Table S2). To understand the effect of polymer morphol-
ogy on the porosity evolution of the corresponding carbon
material, a coupled thermogravimetry–mass spectrometry
(TG-MS measurement was used to monitor the thermal
decomposition behavior of three different polymer precur-
sors. Obviously, nearly all the peak positions of the eight
fragments move to lower temperatures for the thin 2D
polymer. From the TG curves, one can draw the conclusion
that the 2D structure facilitates the homogeneous release of

Figure 1. The synthesis and formation process for the thin polymer nanoplates.

Figure 2. a) SEM image of FCP-1, b) relationship between mass ratio and thickness of FCP, c) TEM and d) HRTEM images of FCP-1, e) N2

adsorption isotherms, and f) PSDs of FCP materials. The isotherms of FCP-3 and FCP-1-KC are vertically offset by 70 and 20 cm3 g@1 at standard
temperature and pressure.
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volatile species formed during pyrolysis because of their thin
thickness (Figure S12 and Table S3). For comparison, the
crystallinity of these porous carbon was characterized using
XRD and Raman spectroscopy (Figures S13, 14 and
Table S4). The larger La and smaller Lc and the higher
integral intensity ratio of IG :ID (G-band and D-band) of FCP
samples indicate the thin 2D morphology favors the orien-
tated growth of carbon crystallite when compared with the
carbon spheres at the same pyrolysis temperature. The
13C NMR spectrum of FCP-2 exhibits only one peak at
122 ppm, which is assigned to six-membered-ring sp2 hybrid-
ized carbon (Figure S15).[9] C 1 s XPS indicate that FCP
samples consist of 80% sp2 carbon (Figure S16 and Tables S5,
6).[10] Elemental analysis shows that the carbon content in
FCP is as high as 90 wt.% and an oxygen content of only
6 wt.% (Table S5). In this case, the low content of oxygen-
containing functional groups and sp3 carbon allow the
neighbouring crystallites to stack in an almost parallel
orientation.[4b, 11] To provide a direct insight into the effect of
the 2D structure on the formation of uniform micropores, we
performed coarse-grained Brownian dynamics simulation in
canonical ensemble to describe the movement of carbon
crystallites (part III in the Supporting Information and
Figures S17–19). Clearly, at the regions close to the sheet
boundary, the carbon crystallites stack together into parallel
multi-layers. As a result, molecular level micropores, pro-
vided by vertically aligned carbon crystallites, are uniform, in
good agreement with TEM observation.

Such thin carbon nanoplates as adsorbents were evaluated
for the capture of CH4, CO2, C2H6, and C3H8. Single-
component adsorption isotherms show that FCP-1-KC can
rapidly adsorb CO2, C2H6, and C3H8 at , 0.1 bar, and uptakes
are as high as 5.2, 5.3 and 5.1 mmolg@1 respectively, at 298 K
and 1 bar (Figures 3a,b and S20). Remarkably, FCP-1-KC can

capture 7.8CO2, 8.0C2H6, and 7.7 C3H8 molecules per nm3

pore volume (Table S7), confirming the high utilization
degree of the total porosity. The separation selectivity
values of FCP-1-KC are calculated using ideal adsorbed
solution theory (IAST), and are 7, 71 and 386 respectively for
CO2/CH4, C2H6/CH4, and C3H8/CH4 (10/90 v/v) systems
(Figure 3c and Table S8), which are significantly greater
than that of other porous materials (Table S9). IAST selec-
tivities show an increasing trend with a decrease of the gas
phase mole fraction of CH4 (Figure S21).

Moreover, isosteric adsorption heats (Qst) of CH4, CO2,
C2H6, and C3H8 on FCP-1-KC were calculated with the
Clausius-Claperyron equation. The order of Qst values is
(Qst)C3H8

> (Qst)C2H6
> (Qst)CO2

> (Qst)CH4
for all FCP samples

(Figures 3 d and S22, 23), showing the same sequence as the
molecular polarizabilities, and thus reflecting enhanced host–
guest van der Waals interactions originating from short-range
attractive forces in uniform ultramicropores.[12] Such a high
adsorption capacity towards CO2, C2H6, and C3H8 potentially
qualify FCP-1-KC as an outstanding adsorbent for the
dynamical natural gas purification.

In a simulated natural gas composition, breakthrough
curve measurements in four x/CH4 mixtures (10/90 v/v, x =

CO2, C2H6, and C3H8) demonstrate that clean separation can
be realized. As shown in Figure 3e, CH4 molecules elute first,
followed by a gradual breakthrough of the other gas
molecules in a sequence according to their isosteric adsorp-
tion heats. In the mass-transfer zone between the break-
through point and saturation, the adsorption rapidly reaches
an equilibrium state and the sharpness of the breakthrough
curves of all gas molecules shows a fast gas diffusion and mass
transfer in the FCP-1-KC body.[13] The rate of CO2 adsorption
on FCP-1-KC is much higher than that on commercial
activated carbons (Figure S24). This strongly highlightes

Figure 3. For FCP-1-KC, gas adsorption isotherms at a) 0-0.1 bar and b) 0–1 bar and 298 K, c) IAST selectivities for x/CH4 mixtures (10/90 v/v) at
298 K, d) Qst of adsorbates, e) breakthrough curves of x/CH4 (10/90 v/v) at 298 K and 1 bar, and f) 10 cyclic experiments for C3H8/CH4 mixtures.
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that the ultramicropores of FCP-1-KC are easily accessible
for adsorbates.

The calculated dynamic adsorption capacities of CO2,
C2H6, and C3H8 were 0.9, 3.1, and 3.9 mmolg@1, respectively,
which are close to the equilibrium uptakes of single compo-
nents at 0.1 bar (Table S10), further demonstrating the
superiority of FCP in terms of selectivity and adsorption
kinetics. The moisture has no effect on the separation ability
using C3H8/CH4/H2O (10/87/3, v/v/v) mixture as the feed,
indicating good moisture resistance (Figure 3e). Hence,
compared to other adsorbents, such as zeolites and metal–
organic frameworks which are often coupled with a water-
sorbing layer before the adsorbate-sorbing layer.[14] The FCP
fixed-bed adsorber can be used alone. The hydrophobic
nature of FCP-1-KC is shown by a water contact angle of 12088
(Figure S25). Taking C3H8 with the largest kinetic diameter,
successive regeneration experiments show that FCP-1-KC
retains its intrinsic capacity nicely after 10 cycles (Figure 3 f).
In addition, the direct carbonized samples FCP-1, -2 and -3
also show good separation performance, demonstrating the
contribution of the uniform ultramicropores on the separa-
tion selectivity (Figures S26, 27 and Tables S10, 11).

In conclusion, FCP with uniformly sized and accessible
ultramicropores have been synthesized by a thermoregulated
phase-transition approach. As an adsorbent, such nanostruc-
tured carbon allows quick kinetic transfer. The high adsorp-
tion capacity, good selectivity and fast sorption kinetics are
complimented by the carbon nanoplates under dynamic flow
conditions. Hence, our synthesis approach is likely to provide
an avenue for the design and implementation of novel 2D
materials for other diffusion-controlled application fields.
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