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Beyond the Selectivity-Capacity Trade-Off: Ultrathin Carbon
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ABSTRACT: Rapid and highly efficient C;H,/C3;H, separation over porous
carbons is seriously hindered by the trade-off effect between adsorption
capacity and selectivity. Here, we report a new type of porous carbon
nanoplate (CNP) featuring an ultrathin thickness of around 8 nm and easily
accessible ultramicropores (approximately 5.0 A). The ultrathin nature of the §
material allows a high accessibility of gas molecules into the interior transport
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Ultrathin carbon nanoplate for C;H/C;H; separation

© C;Hg %

(=)
© C4Hs $

v < g

channels, and ultramicropores magnify the difference in diffusion behavior = :} $
between C;Hy and C;Hg molecules, together ensuring a remarkable C;Hy/ © N
C;Hg separation performance. The CNPs show a high and steady C;Hg = Soce

capacity of up to 3.03 mmol g~' at 298 K during consecutive dynamic cycles,
which is superior to that of the state-of-the-art porous carbons and even
porous crystalline materials. In particular, the CNPs show a rapid gas
diffusivity, which is 1000 times higher than that of conventional activated
carbons. This research provides a promising design principle for addressing the
selectivity-capacity trade-off for other types of adsorbent materials.
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oth propylene (CyH,) and propane (C;Hj) are important

high-value chemicals. Specifically, C;H¢ is an essential
building block for the manufacture of polypropylene—the
world’s second-most widely produced synthetic plastic, and
C;Hg is the main component of fuel for engines and heating
systems in our lives."” In the petrochemical industry, C;Hg and
C,Hy are often produced as a mixture’ > and need to be
separated in order to obtain high-purity C;Hg and C;Hs.
Physical adsorption is a useful technique for an energy-saving
separation due to its low energy requirement for adsorbent
regeneration.6’7 Because of the close dimensions of C;Hg and
C;Hg molecules, one difficult and ongoing challenge for the
adsorptive separation is to fabricate high-performance
materials with a matched ultramicroporous structure. Some
designable crystalline porous solids have shown promising
selective separation for C;Hg/C;Hg mixtures, such as ZIF
fragment-decorated mordenite zeolite for selective adsorption
of C;Hg," and ultramicroporous millimeter-sized Zn-ATA
crystals with molecular sieving effect.” Although these materials
exhibit high kinetic selectivity, the adsorption capacity of C;Hg
is usually lower than 1.5 mmol g~'. The trade-off effect
between adsorption capacity and selectivity hinders the highly
efficient separation of C;Hy/C;Hjg. In addition, instability due
to moisture during long-term adsorption-regeneration cycles
under dynamic wet conditions limits their application under
industrial-relevant conditions.
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Porous carbons have been widely studied for gas adsorptive
separation due to their excellent stability, abundant porosity,
and adjustable micropore size.'"”'> However, their relatively
inert surface leads to an unbiased recognition of C;Hy and
C,H,, which results in low C;Hg/C3Hg selectivity.”'* One
straightforward strategy is to introduce high affinity adsorption
sites (mostly Ag(I) and Cu(I)) to selectively adsorb C;H, over
C;Hg via the 7-complexation interaction.''® However, the
strong metal—olefin interaction requires an elevated temper-
ature for carbon regeneration, which often results in
undesirable olefin polymerization, thus low productivity.

Alternatively, kinetic separation is promising for C;H4/C3;Hg
separation by controlling their diffusion rate in porous
structures.'”'® For example, carbon molecular sieves with
relatively dense ultramicropores have shown substantially
improved separation selectivity for C;Hs/C;Hg mixtures.'” ™'
However, restriction of gas molecules in tortuous ultra-
micropores usually results in low accessibility in a defined
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Figure 1. (a) SEM image of PNP-40. SEM images of CNP-3 in powder form (b) and on flat substrate (c). (d) TEM image of CNP-3 and (e) HR-
TEM image of the selected red region. (f) Micropore size distributions of CNP-1 to CNP-3. Inset: The corresponding CO, adsorption isotherms at
273 K. (g) Comparison of the selectivity and D/r* of C;Hg on CNP-3 and other available benchmarks in the literature tested under similar
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time, particularly for interior ultramicropores.”” To address
this issue, our group devised a family of carbon adsorbents with
“wiggling” mesopores for C;Hg/C;Hg separation.”” Transport
of C;Hy through these wiggling mesopores was far superior
than the C;Hg molecules. Although the adsorption selectivity
was improved using a mesopore engineering strategy, the C;Hg
adsorption capacity still needed to be improved. The
development of advanced adsorbents that can effectively
balance the selectivity, adsorption capacity, and diffusivity
remains a challenge.

In this study, we fabricated a class of ultrathin porous carbon
nanoplates (CNPs) with a narrow ultramicropore size
distribution centered at approximately 5.0 A. The ultrathin
structures of CNPs provided short diffusion paths and thus
more accessible ultramicropores compared to common porous
carbon adsorbents. Using this approach, a C;Hg adsorption
capacity of 3.03 mmol g~" was achieved, even after consecutive
dynamic cycles at 298 K, which surpasses the state-of-the-art
available porous solid adsorbents under similar condi-
tions.'””>** Furthermore, this structure ensured a rapid gas
diffusion rate together with a high adsorption selectivity of 25,
outperforming commercial carbons, for example, Taketa 4475
and BF-1.3. Furthermore, we investigated the relationship
between pore structure and gas adsorption—diffusion behavior,
which provided deep insights into the separation mechanism.
This research provides a new path for the design of advanced
porous adsorbents for C;H/C;Hy separation.

Polymer nanoplates (denoted PNPs) were first fabricated via
the kinetics-controlled self-assembly method at 20 °C for 15
min (Figure S1). The surface morphology of the PNPs can be
adjusted from almost smooth to rough by controlling the
ethanol/water volume ratio (Vi gunoi:Vin,0)- In particular, the

product obtained from Vpuno:Vi,o of 1:40 (PNP-40)

exhibited a relatively high yield and uniform nanoplate
morphology with a thin plane thickness of ~40 nm (Figure
S2 and Figure la). Considering the yield and morphology
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controllability, PNP-40 was chosen as the precursor for
preparing porous CNPs. Carbon nanoplates were synthesized
with pyrolysis temperatures of 500, 800, and 1000 °C and
labeled as CNP-1, CNP-2, and CNP-3, respectively. All the
CNPs maintained a well-defined nanoplate morphology with
bending properties (Figure 1b and Figure S3ab), indicating
their ultrathin feature. The colloidal solution of CNP-3 was
dispersed onto a flat substrate to further observe its intact
morphology. SEM images showed that the lateral dimension of
the two-dimensional nanoplates was ~6 ym X 1.1 um (Figure
Ic). The transparency of CNPs in TEM can be clearly
observed in some staggered portions (yellow oval in Figure
1d), further indicating their ultrathin nature. The atomic force
microscopy (AFM) image confirmed that the plane thickness
of CNP-3 was around 8 nm (Figure S4). Such an ultrathin
feature can provide a shortened path for gas molecules
traveling through the adsorbents’ internal pores, thus playing a
critical role in enhancing the gas diffusion kinetics.*®

Moreover, the high-resolution transmission electron micros-
copy (HR-TEM) image of CNP-3 showed interconnected
micropores (Figure le), indicating abundant nanochannels.
We further characterized the pore structure of the CNPs using
the CO, adsorption at 273 K (Figure 1f), which revealed
narrow ultramicropores centered at approximately 5.0 A.
Notably, the ultramicropore ratio increased as the pyrolysis
temperature increased from 500 to 1000 °C. The number of
pores at 8.0 A decreased significantly with an increase in
pyrolysis temperature. In particular, among the three samples,
CNP-3 showed the most uniform and narrow ultramicropore
size distribution. Quantitatively, the porosity contribution from
the ultramicropores increased from 66.2% (CNP-1) to 74.7%
(CNP-3), which was attributed to more densely packed
graphene-like sheets and oriented growth of carbon crystallites
induced by high temperature, thus the formation of pores with
a narrowed pore width.”>**
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Figure 2. (a) Sgpr of CNPs determined by their N, adsorption isotherms at 77 K. (b) XRD patterns. (c) Raman spectra and (d) deconvoluted C 1s
core level spectra for the CNPs. (e) Adsorption kinetic profiles for C;Hy and C;Hg at 298 K. (f) The linear fittings of D/r* for CNP-3; the inset

shows the values of D/7%.

As mentioned above, the CNPs showed ultrathin nanoplate
features with accessible ultramicropores, and the pore size was
close to those of C;Hg (4.6 A) and C;H, (5.1 A) molecules,
and thus suitable for C;H4/C;Hg separation. The IAST
selectivities of CNP-1 and CNP-2 for C;Hy/C3Hg (v/v 50/
50) were 1.55 and 6.50, respectively, at 298 K and 1.0 bar
(Figure SS). The corresponding fitting parameters are listed in
Table SI. Remarkably, the selectivity of CNP-3 reached 25,
which is 16.0 and 3.8 times higher than those of CNP-1 and
CNP-2, respectively. Such an outstanding separation perform-
ance on CNP-3 was attributed to its abundant and accessible
ultramicropores, which would contribute to highly efficient
selective adsorption active sites. Furthermore, we compared
the separation selectivity of CNP-3 with other reported porous
materials (Figure 1g). Our material outperforms the available
C;H¢/C3Hg adsorbent benchmarks, such as MAF-23-O
(8.8),>* SIFSIX-2-Cu-i (5.0),”® NJUBai-8 (4.6, 20 kPa),”
and Zn,(S-aip),(bpy) (19.8)*° and was comparable to the
high-performing Dowex-derived CMS (27, 363 K).”

Notably, the ultrathin structure of CNP-3 provides a short
diffusion path for gas transport and enhances the accessibility
of ultramicropores, which enables fast gas transport. Accord-
ingly, CNP-3 exhibited a rapid diffusion rate (Figure 1g). For
instance, the diffusion time constant (D/r*) of C;H was 9.5 X
1073 s7*, which is superior to those of the traditional activated
carbon BAX-1100 (5.7 X 107* s7!) and LAC-AC (3.4 x 107*
s71),”” wiggling mesoporous carbon (4.2 x 107 s7!),** and
even 2 orders of magnitude faster than CMS-18 (1.6 X 107°
s, 308 K)*’ and other porous adsorbents under similar
conditions (Table S2). The diffusivity of C;H4 was calculated
to be 9.9 X 1077 cm® s7', which is higher than those of
commercial molecular sieves such as 5A zeolite (1 X 107% cm?
s™1),* DD3R (6 X 107" cm? s7!),*” and Kostrolith 4AK (3.6
X 107" cm? s7').* Equilibrium adsorption and diffusion
kinetics analyses verified the high C;H¢/C;Hg separation
selectivity and rapid gas transport on CNP-3.
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To understand the influence of the porous structure on
C3H4/C3Hg separation performance, we analyzed the struc-
tural properties of CNPs via the N, adsorption and XRD,
Raman, and XPS characterizations. CNP-3 showed the highest
specific surface area, Sppy, of 650 m? g~' among the three
samples (Figure 2a), which was ascribed to its abundant
porosity. XRD patterns showed that the (002) diffraction peak
of CNP-3 (24.4°) shifted to a higher degree than that of CNP-
1 (19.9°) and CNP-2 (22.8°) (Figure 2b), confirming that its
structure with more densely packed graphene-like sheets. In
addition, in the Raman spectra (Figure 2c), the two peaks
centered at 1341 and 1592 cm™" were assigned to the D and G
bands, which were attributed to structural defects of carbon
and the vibration of C—C bonds with sp* carbons,
respectively.”" The calculated peak area ratios between the D
and G bands (Ap/Ag) of CNP-1, CNP-2, and CNP-3 were
2.39, 2.24, and 1.91, respectively (Figure S6). The decreased
value of Ap/Ag revealed a reduction in structural defects,
further indicating the more highly ordered graphitized
structure in CNP-3. The bonding information on carbon
species was further obtained by fitting C 1s XPS (Figure 2d).
The carbon species in CNPs included sp* carbon, sp® carbon,
O—-C=N, and C=0 (Table S3). More quantitatively, the
proportion of sp* carbon in CNP-3 was calculated to be 77.3%,
which is higher than those in CNP-1 (64.7%) and CNP-2
(74.5%), further confirming a highly fractional ordered
graphite structure in CNP-3. This result is in good agreement
with the results of Raman spectra, XRD, and gas adsorption.
These results coupled with porous structure analysis indicated
that the oriented growth of carbon crystallites in CNP-3
favored the formation of a narrow and uniform ultra-
micropores.

Furthermore, we examined the gas adsorption—diffusion
behavior to elucidate the separation mechanism. The kinetic
study showed that both C;Hg and C;Hg molecules (green line)
had similar gas diffusion behavior on CNP-1 (Figure 2e).
However, we observed an enlarged diffusion difference

https://doi.org/10.1021/acs.nanolett.2c01930
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Figure 4. Separation performances of CNP-3. (a) Breakthrough curves and (b) cycling tests for the C;Hy/C3;Hg mixture at 298 K and 1.0 bar. (c)
The adsorption—desorption cycles of C;Hj, following regenerations under vacuum at 298 K. (d) Comparison of the C;H, breakthrough curves on
CNP-3 and the selected commercial carbon molecular sieves. (e) Qualitative comparison of selectivity on CNP-3 for different compositions of
C3H,/C3Hj gas feeds at 298 K. (f) Breakthrough curves for ternary mixtures of CH,/C3H¢/C3Hg (5/25/70 v%) at 298 K and 1.0 bar.

between C3Hg and C;Hg in CNP-2 (blue line), and even more
so in CNP-3 (red line). For instance, the calculated D/r* of
CNP-3 for C;Hg was ~11 times faster than that of C;Hg (9.6 X
107 57! vs 8.8 x 107* s7") (Figure 2f). Such large differences
in gas diffusion behavior are ascribed to different pore
structures. Thermodynamically, CNP-1 showed similar equi-
librium adsorption capacities for C;Hg and C;Hg (Figure 3a),
while CNP-2 and CNP-3 exhibited differences in capacity by
0.87 and 1.23 mmol g~' (Figure 3b,c), indicating the strong
dependence of the adsorption performance on kinetic diffusion

behavior.
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For comparison, we then compared the adsorption capacity
on CNP-3 with other reported porous materials. The C;Hg/
C3H; uptake ratio was calculated to be 1.63 (Figure 3d), which
is superior to those of commercial activated carbon materials
BAX-AC (1.11, 273 K) and LAC-AC (1.14, 273 K),*” porous
carbon ANPCs (0.98, 298 K),"* NACs (1.1, 298 K),** and
carbon molecular sieve, MFE-7 (0.93, 298 K).** Remarkably,
CNP-3 showed a high C;H uptake (3.03 mmol g™') at 298 K
and 1 bar, which is superior to those of reported state-of-the-
art porous solid adsorbents such as SC-K (2.2 mmol g_l),45
SCMS (2.54 mmol g™!),*' and Cu(0.4)@MIL-100(Fe) (2.8
mmol g),* and even comparable to that of carbon molecular

https://doi.org/10.1021/acs.nanolett.2c01930
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sieve MFF-8/1300 (3.3 mmol g™')* tested under similar
conditions (Table S2). Such a remarkable gas adsorption
capacity on CNP-3 was mainly ascribed to its ultrathin
structure with extremely accessible ultramicropores, which
provided high accessibility for C;Hy to reach adsorption sites,
thus improving the utilization of adsorption sites. Moreover,
the adsorption heat (Q,) of C;Hg on CNP-3 was calculated to
be 35.4 kJ mol™' (Figure S7), which is lower than those of
other adsorbents, such as Co-gallate (41 kJ mol™'),"” SCMS
(36 kJ mol™!),”" and MAF-23-O (78 kJ mol™),** further
implying its easy regeneration.

The relationship between the pore structure and D/r* was
determined to visualize the influence of the ultramicropore
ratio on the separation performance. As the ultramicropore
ratio increased from 66.2% to 74.7%, the D/r* (C;Hy) of the
CNPs showed a slight change in the range of 9.6 X 107> to 1.3
x 1072 57! (Figure 3e and Table S4). By comparison, the D/r*
(C3Hg) decreased from 1.2 X 1072 to 8.8 X 107™* s™ and
showed a negative correlation with the ultramicropore ratio
(Figure 3e). These results indicated that the increase in the
ultramicropore ratio gave an enhanced diffusional limitation
for the large C;Hg molecule compared with the small C;Hg
molecule, thus enhancing the difference in diffusion kinetics
between C;H, and C;Hg. Additionally, the IAST selectivity of
C;H4/C5Hg showed a positive correlation with the ultra-
micropore ratio (Figure 3f), further confirming the importance
of the ultramicropore ratio.

As mentioned above, it can be concluded that both the high
ultramicropore ratio and narrow pore size distribution of CNP-
3 sensitively exclude the larger C;Hg molecule but freely allow
diffusion of the smaller C;Hy, and thus, they significantly
increase the difference in diffusion kinetics between C;Hg and
C;H; in the nanochannels. Then, the ultrathin structure of
CNP-3 contributes to a short diffusion path for gas molecule
transport and enhances accessibility of the ultramicropores,
which enables a quick adsorption equilibrium and thus a high
adsorption capacity. Thus, the synergistically kinetic and
equilibrium effects together ensure a remarkable separation
performance of C;H/C;Hs.

To further assess the potential for C;H4/C3;Hg separation in
a practical application, packed-column breakthrough perform-
ance under dynamic mixtures (C;Hg/C3Hg 50/50 v%, 298 K/
1.0 bar) was investigated. CNP-1 did not exhibit separation
ability for C;H,/C;H; (Figure S8a), and CNP-2 showed mild
separation ability with a retention time of 12 min (Figure S8b),
while the retention time in CNP-3 reached ~18 min (Figure
4a), which demonstrated an excellent selective separation on
CNP-3 for C3He/C3Hg mixtures. These results are consistent
with the results of equilibrium and kinetics adsorption.
Furthermore, the breakthrough curves of CNP-3 exhibited an
obvious roll-up phenomenon, further verifying a strong
competitive adsorption between C;Hg and C;Hg molecules
on CNP-3. These results also confirmed that the C;H4/C;Hg
separation performance was enhanced as the ultramicropore
ratio increased. In addition, the cycle and regeneration
capacities of CNP-3 were investigated by breakthrough cycle
experiments (Figure 4b). There was no noticeable decrease in
the retention time for both C;Hg and C;Hg within three
continuous cycles under ambient conditions (cycles 1-3),
even in a moist environment (cycle 4, Figure 4b), further
confirming its excellent regeneration capacity and stability. The
stable moisture resistance is attributed to the inherent weak
surface polarity of this porous CNP material due to its low
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heteroatom content. Notably, CNP-3 retained its intrinsic
C;Hg capacity even after 7 successive regeneration experiments
and showed rapid adsorption and desorption processes (Figure
4c).

To evaluate the adsorption kinetic behavior under dynamic
conditions, the single component C;Hg breakthrough kinetics
of the packed column on CNP-3 was further compared with
commercial carbon molecular sieves (Figure 4d). In the mass-
transfer zone between the breakthrough point and saturation,
the adsorption progress of CNP-3 rapidly reached the
equilibrium state with a sharper slope than that of CMSs
BF-1.3 and Lwatani, confirming the rapid gas diffusion and
enhanced mass transfer process in thin CNPs. Moreover,
CNP-3 also exhibited a high selectivity of 16—18 as the gas-
phase volume ratio of C;H, ranged from 1 to 5% (Figure 4e),
which indicated its potential for extracting C;H, from different
gas sources. For practical considerations, we also conducted
dynamic breakthrough experiments under ternary gas mixtures
(CH,/C3H¢/C3Hg 5/25/70 v%). As illustrated in Figure 4f,
C;Hg and CH, broke through preferentially, whereas C;H4 was
retained in the packed column over 12 min. This result can be
attributed to its suitable aperture size and surface chemical
property, resulting in a strong affinity for C;Hg The
breakthrough selectivity was calculated to be 3.2, confirming
its potential for a practical application. Moreover, we
performed C;H¢/C;Hg separation measurements on CNP-3
operating at higher temperature of 323 K. The C;Hg
equilibrium adsorption capacity still reached 2.76 mmol g
(Figure S9a), which is higher than that of reported porous
solid adsorbents tested at lower temperatures, such as MAF-23
(about 1.9 mmol g7!, 313 K),** Zn(2-cim), (2.26 mmol g7,
303 K),* and ELM-12 (1.4 mmol g~', 308 K).*” Remarkably,
CNP-3 maintained excellent C;H,/C3Hg dynamic separation
performance at 323 K (Figure S9b), which is comparable to
that on CNP-3 at 298 K. These results further indicated a
stable C;H4/C3Hjg separation ability on CNP-3 at 323 K.

In summary, a type of ultrathin porous CNPs featuring
extremely accessible ultramicropores was fabricated by a
combination of wet-chemistry synthesis and pyrolysis process.
The ultrathin feature provided a short diffusion path, and the
accessible ultramicropores enabled an enlarged difference in
gas diffusion behavior, which together ensured a remarkable
C;H¢/C3H; separation performance with a rapid adsorption
diffusion rate, high adsorption capacity, and excellent
separation selectivity. The porous CNPs adsorbents were
highly effective and stable in selectively adsorbing and
separating a C;H¢/C;Hg mixture in a moist environment,
even under refinery gas conditions. We believe the design
principle reported in this study is also applicable for designing
advanced porous materials for other adsorption separation
applications which require highly selective adsorption with fast
kinetics.
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