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a b s t r a c t 

CO 2 capture from flue gas is one of the global urgent tasks. Adsorption separation of CO 2 is an energy-efficient way 
as compared to the absorption method. The central issue is to devise efficient adsorbents that work well under flue 
gas conditions with temperatures of 323–348 K and low CO 2 concentrations of 15%. In this work, we targeted this 
issue and proposed a well-controlled diffusion strategy, which is achieved over a series of poly(furfuryl alcohol)- 
derived carbons (PFCs) with dense and abundant ultra-micropores. As the adsorption temperature increased 
from 298 to 348 K, the CO 2 capture capacity is 54% kept for PFC-800, which is 1.2 times higher than that for 
samples without diffusion limitation. The capture of CO 2 is kinetics control at ambient temperature, however, at 
348 K CO 2 with higher kinetic energy can overcome the restriction of the narrow pore entrance and the CO 2 /N 2 

selectivity for simulated flue gas composition increases from 20 to 40. Furthermore, the PFCs exhibit a high CO 2 

volumetric adsorption capacity of 97 cm 

3 cm 

− 3 at 298 K and 1 bar, benefiting the practical application deployed 
with an integrated adsorption column. The diffusion kinetics can be further tuned when altering the bulk phase 
into nanocoating, which would inspire their application in different scenarios. 
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. Introduction 

The mitigation of CO 2 emissions remains one of the biggest chal-
enges because of its negative effect on climate change [1–3] . Post-
ombustion capture from flue gas is one of the most promising solu-
ions for reducing CO 2 emissions. It needs to capture CO 2 with a low
oncentration ( ca. 15%) from a flue gas stream at a moderate temper-
ture (323–348 K) [4] . Physisorption offers a promising alternative to
he established energy-intensive processes in CO 2 capture because of
ts low energy consumption and mild operating conditions [5–7] . How-
ver, physisorption is a spontaneous exothermic process [ 8 , 9 ]. Thus,
he development of advanced capture materials, especially porous ad-
orbents that can keep a good performance at moderate temperatures,
s urgently needed [ 10 , 11 ]. Porous adsorbents including porous car-
on [12–15] , zeolites [16–18] , and metal-organic frameworks (MOFs)
 19 , 20 ], have been extensively studied for CO 2 capture. Among these
dsorbents, porous carbons are regarded as one of the promising CO 2 
dsorbents, due to their excellent chemical and thermal stability, tun-
ble pore structure, relatively hydrophobic surface, low cost, and easy
egeneration [21] . 

The design of porous carbon adsorbents is mainly based on thermo-
ynamic and kinetic separation [22] . For thermodynamic separation,
ntroducing basic sites into porous carbon, such as heteroatom doping
∗ Corresponding authors. 
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nd amine loading, could improve affinity for acidic CO 2 [23–26] . For
nstance, Lee et al. reported that using N-enriched polyacrylonitrile as
 precursor could introduce N-containing functional groups into porous
arbons. And a high CO 2 uptake of 3.03 mmol g − 1 at 0 °C and 0.15 bar
as achieved due to the enhanced interaction between the N sites and
O 2 [27] . Long et al. reported that mesoporous carbons decorated with
olyethylenimine (PEI) showed an increase in sorption capacities as the
emperature rose from 0 to 75 °C, which is 4.91 mmol g − 1 at 75 °C and
 bar [28] . However, its regeneration required a high energy consump-
ion [1] . Alternatively, kinetic separation is another way that can be
onsidered, which relies on different diffusion rates of adsorbates in the
nternal pores and allows for energy-efficient recovery [22] . An espe-
ially appealing approach is to control the diffusion rates of adsorbates
ith different molecular sizes by the alternation of the ultra-micropores
 < 0.7 nm) [29] . However, for porous carbons with complex slit-type
ltra-micropores, the challenge is their markedly increased gas diffu-
ion limitations [30] , resulting in a longer equilibrium time and lower
dsorption capacity. When the temperature rises to a moderate temper-
ture e.g., 348 K as the case for flue gas sources, the diffusion limitation
ay be overcome due to the more intense molecular movements. There-

ore, utilizing increased temperature to overcome diffusion limitations
o compensate for adsorption capacity is a possible way to maintain the
apture performance at moderate temperatures. Nevertheless, research
.-H. Lu) . 
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o  
n the influence of temperature and diffusion limitation on adsorption
eparation ability has rarely been reported. 

Inspired by the above concept, we devised a series of poly(furfuryl
lcohol) based ultra-microporous carbons (PFCs), which showed deli-
ate suppression for CO 2 diffusion at ambient conditions but largely
mended at increased temperatures e.g., 348 K. On such a basis, we
ransformed the kinetic issues into an effective strategy for practical
O 2 capture scenarios. By the rational construction of ultra-micropore,
he PFCs with the appropriate diffusion limitation exhibit the highest
dsorption capacity, which is up to the value of 96 cm 

3 cm 

− 3 at 298 K,
nd the capacity can keep 54% at 348 K. In particular, the adsorption ca-
acity maintenance at 348 K is 1.2 times higher than that for the sample
ithout diffusion limitation. Besides, PFCs show a high skeletal density
f up to 1.96 g cm 

3 , which is conducive to achieving a high volumetric
oading in the adsorption column. In addition, the poly(furfuryl alcohol)
recursor can be nanocoated on various supports to serve as gas selec-
ive layers, which has the potential to be used in different separation
cenarios. 

. Experimental 

.1. Materials 

Furfuryl alcohol (FA, C 5 H 6 O 2 , 98%), N, N-Dimethylformamide
DMF, C 3 H 7 NO, 98%) were purchased from Aladdin Chemistry Co.,
td. (Shanghai, China). Oxalic acid (OA, C 2 H 2 O 4 , 98%) was procured
rom Acros Organics (Geel, Belgium). Gas (N 2 99.999%, CO 2 99.995%,
r 99.99%) were bought from Dalian Special gases Co., Ltd. (Dalian,
hina). 

.2. Synthesis of PFCs 

A certain amount of FA, e.g., 4 mL, used as polymer monomer, and
0.4 mg of OA as polymerization catalyst were mixed and dissolved in
 glass reactor at room temperature. The sealed reactor was transferred
nto an oven and cured at 50 °C for 24 h, then the temperature was
ncreased to 90 °C and maintained for another 24 h. Next, the polymer
as dried at 90 °C in air for 24 h. Afterward, the polymer was treated at
50 °C for 3 h, then heated to 300 °C with a heating rate of 1 °C min − 1 .
ollowingly, the temperature increased to 400, 600, 800, and 1000 °C
ith a heating rate of 5 °C min − 1 and maintained at that temperature

or 2 h. The obtained PFCs were denoted as PFC-400, PFC-600, PFC-800,
nd PFC-1000, respectively. 

.3. Synthesis of C@HC 

Honeycomb cordierite (HC) was used without any treatment. FA so-
ution was polymerized by the above method for 24 h to obtain PFA.
issolve 10 mL of PFA in 10 mL of DMF to produce the p-PFA solution.
FA@HC was obtained after dipping the HC in p-PFA solution at 25 °C
or 30 min and then polymerized in air at 90 °C for 17 h. The obtained
FA@HC was placed into a porcelain boat and treated following the
bove procedure described to obtain the nanocoated C@HC. 

.4. Characterization 

A TriStar 3000 physical adsorption analyzer (Micromeritics) was
sed to measure N 2 adsorption-desorption isotherms at 77 K. CO 2 
dsorption-desorption isotherms were measured using an Autosorb-
QMP automated gas sorption analyzer (Quantachrome). Micropore size
istributions (PSDs) were calculated by applying the Non-Local Den-
ity Functional Theory (NLDFT) to the CO 2 adsorption isotherms. A
apor sorption volumetric gas sorption analyzer (Vstar Quantachrome)
as applied to collect water vapor adsorption-desorption isotherms. Be-

ore each adsorption experiment, the sample was degassed at 200 °C
2 
vernight. X-ray diffraction (XRD) measurement was on an X-ray diffrac-
ometer (Panalytical X’pert) with a monochromatic Cu K 𝛼 ( 𝜆= 1.54 Å)
adiation source at 40 kV, 40 mA. Transmission electron microscopy
TEM) images were obtained with a Tecnai G220S-Twin instrument
FEI) operating at 200 kV. FTIR (Nicolet 6700) was used for elemen-
al analysis and speculation on chemical bonding information. Field-
mission scanning electron micrographs (SEM) images were obtained
ith a UHR FE-SEM SU8200 instrument (Hitachi). 

.5. Gas adsorption kinetic measurements 

The time-dependent adsorption profiles of CO 2 and N 2 were col-
ected on an IGA-100 Intelligent Gravimetric Analyzer (Hiden Analyt-
cal). The adsorbents were activated at 200 °C overnight under vacuum.
he adsorption kinetic curves were carried out at 167 or 833 mbar for
O 2 and N 2 , respectively. Here, based on the assumption that the adsor-
ent particles are spherical, we refer to the slopes in the initial region
or the evaluation of diffusion time constants (D/r 2 ) via Fick’s second
aw [31] 

𝑀 𝑡 

𝑀 ∞
= 

6 √
𝜋
⋅

√ 

𝐷𝑡 

𝑟 2 
( 
𝑀 𝑡 

𝑀 ∞
< 0 . 3) (1)

here, 𝑀 𝑡 is the gas uptake at time t , 𝑀 ∞ is the gas uptake at equilib-
ium, D is the diffusivity and r is the radius of the equivalent spherical
article. 

.6. Dynamic gas separation experiment 

Dynamic gas-separation experiments were conducted using a
tainless-steel column with an inner diameter of 8.0 mm and a packed
ength of 120 mm. The adsorbent of 40–60 mesh was packed into the
olumn operated at temperatures in the range 298–348 K and pressure
f 1 bar. The adsorbent column was firstly purged by Ar with a flow
ate of 50 mL min − 1 for 2 h at the target temperature. The gas mixture
CO 2 /N 2 , 16.7/83.3 v/v) was then introduced at 3 mL min − 1 . Outlet gas
rom the column was monitored using a GC 9890T gas chromatograph
Techcomp) with a thermal conductivity detector (TCD). The blank ex-
eriment was also conducted under identical conditions but with a col-
mn filled with quartz sand to determine the volume of dead space. The
absolute) adsorbed amount is calculated from the breakthrough curve
y the following Eq. (2) : 

 𝑖 = 

𝐹 0 × 𝑡 0 − 𝑉 𝑑𝑒𝑎𝑑 − ∫
𝑡 0 
0 𝐹 𝑖 Δ𝑡 

𝑚 

(2)

here, F 0 is the total volumetric gas flow rate; t 0 is the adsorption time
min); V dead is the dead space of the column and line; F i is the effluent
olumetric flow rate; m is the mass of adsorbent. 

. Results and discussion 

.1. Pore structure analysis 

The N 2 adsorption technique was employed to determine the porous
tructures for those samples [32] . The PFCs adsorbents pyrolyzed at
00, 800, and 1000 °C showed essentially zero N 2 uptakes, indicating
he pores of PFCs were inaccessible to N 2 molecules at 77 K (Fig. S1)
33] . Therefore, we employed CO 2 as the gas probe to determine the
icropore structure at 273 K because of its smaller kinetic diameter as

ompared to N 2 ( Fig. 1a ) [34] . The high CO 2 uptakes denote abundant
icropore porosity for PFCs (Table S1). Due to the absence of macro-
ores and mesopores, the PFCs display a high skeletal density of up
o 1.96 g cm 

− 3 (Fig. S2), which is advantageous for achieving a high
olumetric uptake [18] . As the pyrolysis temperature increased from
00 to 800 °C, the CO 2 volumetric adsorption capacity increased from
0 to 115 cm 

3 cm 

− 3 , which result from the formation of new microp-
res through further thermal decomposition of the carbonaceous matter



Y.-Q. Ba, Y.-S. Wang, T.-Y. Li et al. Sustainable Chemistry for Climate Action 2 (2023) 100015 

Fig. 1. (a) CO 2 adsorption-desorption isotherms at 273 K. (b) The 
PSDs for PFCs by CO 2 adsorption at 273 K. (c) Schematic of CO 2 

diffusion in the narrow pores of PFCs. (d) Water vapor adsorption- 
desorption isotherms at 298 K. 
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35] . Besides, the gravimetric CO 2 adsorption capacity is shown in Fig.
3. As the pyrolysis temperature increased further to 1000 °C, the CO 2 
dsorption capacity reduced to 42 cm 

3 cm 

− 3 due to pore shrinkage and
ollapse [35] . Notably, the desorption branch of the isotherm did not
ollow adsorption at lower pressures (P/P 0 < 0.003), i.e., low-pressure
ysteresis. The PFCs showed an enhanced low-pressure hysteresis as
he pyrolysis temperature increased. For PFC-800 with a large pore vol-
me of 0.162 cm 

3 g − 1 , the low-pressure hysteresis can still be observed
learly. Particularly, PFC-1000 showed striking irreversibility in CO 2 
dsorption, and almost 34 cm 

3 cm 

− 3 CO 2 could not be desorbed when
/P 0 < 0.003. This can be predicted from the CO 2 adsorption isotherm
or PFC-1000 at 273 K, which shows that the uptake increased linearly
ith increasing adsorption pressure without any micropore filling phe-
omenon. This indicates that either there is a lack of micropores or the
ore size is too narrow to allow CO 2 to get into. For the same reason, it
equires very low pressure (P/P 0 < 0.003) for its desorption. 

When the carbonization temperature is 400 °C, the ultra-
icroporous structure has been generated with an ultra-micropore vol-
me of 0.06 cm 

3 g − 1 (Fig. S4). As the pyrolysis temperature increased to
00 °C, the ultra-micropore volume increased to the maximum of 0.13
m 

3 cm 

− 3 . A bimodal PSD centered at 0.35 and 0.50 nm was obtained
or PFC-600 and PFC-800 based on the NLDFT from CO 2 adsorption
sotherms ( Fig. 1b ). However, as the temperature increased to 1000 °C,
he peak pore size that is at 0.35 nm disappeared, but that centered at
.80 nm became evident. As presumed by the low-pressure hysteresis,
here are ultra-micropores narrower than 0.35 nm in the PFC-1000, but
Fig. 2. Transient adsorption curve for CO 2 and N 2 at (a) 298 K and (b) 348 K on

3 
ould not be detected due to test accuracy. The XRD patterns (Fig. S5)
ere obtained to analyze the carbonaceous structure of PFCs. The peaks
t 22.3 and 43.1° are characteristic of (002) and (100) crystal planes
f graphitic carbon [36] . These two peaks of PFCs sharpened gradu-
lly with increasing pyrolysis temperature, indicating an increase in the
raphitization degree. TEM images show that when the carbonization
emperature increases, it becomes locally graphitic at the edge part (Fig.
6). In addition, the variation of the graphitic structure was character-
zed by FT-IR spectra (Fig. S7). The peak located at around 1622 cm 

− 1 

corresponding to aromatic ring conjugated C = C groups) in PFC-600
as shifted to lower 1601 cm 

− 1 (corresponding to aromatic C = C groups)
n PFC-800 and PFC-1000, indicating the growth of graphene lattices
37] . The schematic of CO 2 diffusion in the pores of PFCs was further
roposed ( Fig. 1c ). The PFC-600 shows dominant wormlike micropores.
he average pore size is around 0.50 nm, which ensures the free dif-
usion of guest CO 2 . Increasing the carbonization temperature led to
he shrinkage of the micropores. For instance, the micropore size is es-
imated to be 0.48 nm. Thus, the diffusion of CO 2 is suppressed. For
FC-1000, perhaps only at a specific angle can CO 2 diffuse into pores,
o that it exhibits striking irreversibility in CO 2 adsorption. 

Water molecules with a small kinetic diameter of 0.27 nm and strong
ipole can sensitively reflect the pore structure and surface chemistry
f porous materials [38] . Therefore, water vapor adsorption-desorption
sotherms were measured ( Fig. 1d ). The water vapor uptake of PFC-
00 is up to 5.7 mmol g − 1 , which is 1.5 and 3.8 times higher than that
f PFC-600 and PFC-1000. The changing trend of water vapor uptake
 PFCs. (c) Adsorption kinetics profiles for CO 2 at 298 K and 348 K on PFCs. 
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Fig. 3. CO 2 adsorption-desorption isotherms for (a) PFC-800 and (b) PFC-1000 at 273, 298, 323, and 348 K. (c) Static adsorption capacity and maintenance ratio of 
PFCs at 298, 323, and 348 K. (d) IAST selectivity for CO 2 /N 2 (16.7/83.3 v/v) at 1 bar and different temperatures (298 and 348 K). 
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s similar to that of CO 2 uptake, denoting the similar forces and pore
tilization on water vapor and CO 2 adsorption. The PFCs display low
ptakes at low pressure of P/P 0 < 0.3, reflecting the weak polarity. This
emonstrates that the adsorption uptake differences stem from the dif-
erences of ultra-micropore rather than surface functional group inter-
ctions [28] . Interestingly, the slope of desorption isotherm decreases
radually as the pyrolysis temperature increases when P/P 0 > 0.5, prov-
ng a decreasing diffusion limitation. 

.2. Adsorption kinetics of CO 2 and N 2 on PFCs 

To explore the gas diffusion behavior of the CO 2 /N 2 in the ultra-
icropore of PFCs, the time-resolved gas adsorption for CO 2 and N 2 was
easured ( Fig. 2a and b ). As we previously assumed, the diffusion rates

n PFCs for CO 2 and N 2 are reduced incrementally as pyrolysis tempera-
ure increases, owing to the pore shrinkage. Moreover, the diffusion and
ptake differences between CO 2 and N 2 are clear. In particular, PFC-800
xhibits a CO 2 uptake of 36 cm 

3 cm 

− 3 at 298 K and 167 mbar, while the
 2 uptake is 13 cm 

3 cm 

− 3 at 298 K and 833 mbar, indicating the sepa-
ation ability of PFCs. For PFC-800, CO 2 reached the equilibrium within
0 min at 298 K, including 10 min of rapid diffusion to reach more than
0% of the saturation adsorption capacity. However, N 2 did not reach
quilibrium until 100 min at 298 K, displaying the strong suppression
or N 2 diffusion. As the operating temperature rose to 348 K, the diffu-
ion rate for both CO 2 and N 2 increased. The CO 2 adsorption capacity of
FC-800 reached more than 90% of the saturation adsorption capacity
f 12 cm 

3 cm 

− 3 within 10 min at 348 K. Nevertheless, the N 2 uptake
as still increasing slowly at 100 min, but with a smaller slope than

hat at 298 K. Interestingly, PFC-1000 exhibits a higher adsorption ca-
4 
acity than PFC-600 when the equilibrium time is long enough, which
s in contrast to the static adsorption results. Especially, the CO 2 up-
ake of 23 cm 

3 cm 

− 3 for PFC-1000 at 100 min is 1.4 times higher than
FC-600. This reflected the presence of ultra-microporous volumes of
FC-1000 that cannot be detected by static adsorption with insufficient
quilibrium time due to the slow diffusion rate, as we speculated in the
revious section. 

To further quantify the effect of operating temperature on diffusion,
he diffusional time constants (D ꞌ = D/r 2 ) for CO 2 and N 2 were calcu-
ated respectively ( Figs. 2c and S8, Table S2) [ 31 , 39 ]. The CO 2 diffu-
ional time constant for PFC-800 at 348 K is 2.86 ×10 − 11 , which is 2.9
imes higher than that of 9.68 ×10 − 12 at 298 K. However, the ratio of the
iffusion time constant at 348 K to that at 298 K is 1.4 and 2.1 for PFC-
00 and PFC-1000, respectively. This reflects the highest compensation
f CO 2 diffusion by raising temperature requires appropriate diffusion
imitations. In addition, the kinetic selectivity (D’(CO 2 )/D’(N 2 )) was cal-
ulated to be 6.0 for PFC-1000 at 348 K, which is 1.7 times higher than
hat of 3.6 at 298 K, indicating that increasing temperature compensates
ore for CO 2 diffusion than N 2 diffusion. 

.3. CO 2 capture performance of PFCs at moderate temperatures 

To investigate the effect of operating temperature on the CO 2 capture
erformance of carbon materials with different diffusion limitations, the
O 2 and N 2 adsorption-desorption isotherms of PFCs at different tem-
eratures are measured ( Figs. 3a and b and S9). There is a gradual de-
rease in the CO 2 adsorption capacity for PFC-600 and PFC-800 as the
perating temperature increases from 273 K to 348 K. It is worth noting
hat the CO adsorption capacity of PFC-1000 at 273 K was 9 cm 

3 cm 

− 3 

2 
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Fig. 4. Breakthrough curves of PFCs pyrolysis at (a) 600, (b) 800, and (c)1000 °C for CO 2 /N 2 (16.7/83.3 v/v) mixture with a flow rate of 3 mL min − 1 at temperatures 
in the range 298–348 K and pressures of 1 bar. (d) Dynamic adsorption capacity and maintenance ratio of PFCs at 298, 323, and 348 K. 
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ower than that at 298 K, and 2 cm 

3 cm 

− 3 higher than that at 323 K
 Fig. 3b ). This further confirms that the CO 2 kinetic energy imparted by
n appropriate temperature increase can compensate for the adsorption
apacity with CO 2 diffusion limitation. However, the CO 2 adsorption
sotherms of PFC-1000 at 323 K are similar to that at 273 K, indicating
hat diffusion limitation is not the dominant factor influencing the ad-
orption capacity anymore. The increased CO 2 molecular kinetic energy
s the temperature rrises will reduce the adsorption capacity. The calcu-
ation results of the ratio of the adsorption capacity at 323 or 348 K to
hat at 298 K, i.e., the adsorption capacity maintenance ratio at 323 or
48 K show a steady increase for PFCs as diffusion limitation increases
 Fig. 3c ). The CO 2 adsorption capacity maintenance ratio for PFC-1000
t 323 K and 348 K are up to 79% and 58%, which is 15% and 24% in-
rease compared to PFC-600, respectively. In addition, the CO 2 capacity
aintenance ratio at 323 K of PFCs is higher than those of many other

eported porous carbons (Table S3). 
The ideal selectivity of CO 2 /N 2 mixtures (16.7/83.3 v/v) was further

alculated based on the ideal adsorbed solution theory (IAST, Fig. 3 d
nd S10) [26] . The highest IAST selectivity among the PFCs at 298 K
nd 1 bar is 72 for PFC-800, while that at 348 K and 1 bar is 40 for PFC-
000. Furthermore, the low-pressure hysteresis in the CO 2 adsorption-
esorption isotherm at 348 K of PFC-1000 is still obvious, while the
esorption branch of the isotherm followed adsorption for PFC-800 at
48 K. PFC-800 with the highest CO 2 uptake and appropriate diffusion
imitation is deemed to be a more optimal adsorbent due to the negative
ffects of excessive diffusion limitations on practical applications. 

.4. Breakthrough experiments for CO 2 /N 2 mixture on PFCs 

To confirm the validity of the PFCs for practical separation perfor-
ance, column breakthrough experiments were conducted that simu-
5 
ating a flue gas condition, namely in a mixture of CO 2 /N 2 (16.7/83.3
/v) at 298–348 K and 1 bar ( Fig. 4a -c). N 2 immediately eluted from the
dsorption column, and all the PFCs displayed the breakthrough time
ithin 4 min cm 

− 3 . Then CO 2 flowed through the column and the slope
f the CO 2 breakthrough curve became smaller as the diffusion limita-
ion of PFCs enhanced. Their adsorption capacity under breakthrough
onditions was calculated ( Fig. 4d ). Similar to static adsorption, PFC-
00 exhibits the highest adsorption capacity at all temperatures. The
O 2 did not elute out until 32 min on PFC-800 at 298 K, which is equiv-
lent to a dynamic adsorption capacity of around 35 cm 

3 cm 

− 3 . For PFC-
000, the CO 2 uptake is 10 cm 

3 cm 

− 3 under identical conditions. No-
ably, unlike the static result, the highest dynamic adsorption capacity
aintenance ratio at 323 and 348 K is 68% and 44% for PFC-800, which

s 1.2 and 1.3 times higher than that of PFC-600, and both 1.1 times
igher than that of PFC-1000, respectively. The negative impacts of ex-
essive diffusion limitation for practical applications are demonstrated.
n summary, PFC-800 with the best compromise between adsorption
apacity and adsorption capacity maintenance ratio is the promising
dsorbent for CO 2 capture from fuel gas. 

.5. PFCs nanocoating 

In preparation of poly(furfuryl alcohol), we found the viscosity of
he precursor is relatively high and sticky, which can be readily coated
n various support materials such as honeycomb cordierite (HC). HC
upports with large parallel channels show the evident advantage of
ow-pressure drop. Following the protocols as depicted in Fig. 5a , we
repared the supported PFCs nano-coating. SEM results showed that af-
er coating, a C@HC with smooth and dense surface morphology had
een formed ( Fig. 5b ). Due to the rough and porous structure of HC
Fig. S11a and b), the p-PFA solution not only covers its surface but
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Fig. 5. (a) Schematic illustration for the preparation of C@HC. (b) SEM image of C@HC. (c) CO 2 adsorption-desorption isotherms at 273 K. (d) Breakthrough curves 
for CO 2 /N 2 (16.7/83.3 v/v) mixture with a flow rate of 3 mL min − 1 at 298 and 323 K. 
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lso soaks into its interior to form a homogeneous coating. The hon-
ycomb structure was maintained with an outer gas selective carbon
ayer of ca. 8 𝜇m and a rough inner support surface (Fig. S11c and
). Compared to the adsorbents with a particle size of around 500 𝜇m,
he gas diffusion path reduces around 60 times, which is beneficial to
he CO 2 adsorption kinetic. We further measured the CO 2 adsorption-
esorption isotherms ( Fig. 5c ) and found that the CO 2 adsorption ca-
acity for C@HC increased by 13.5 times compared to the HC, and CO 2 
an be desorbed easily. Furthermore, the breakthrough experiment for
O 2 /N 2 (16.7/83.3 v/v) mixture also shows that the separation time
f C@HC is 11 min longer than that of HC (Fig. S12), indicating the
ffective coating of PFC with CO 2 separation properties on HC. Excit-
ngly, the C@HC shows the same CO 2 /N 2 separation performance at
23 K compared with that at 298 K. And shorter equilibrium times re-
ected larger CO 2 molecular kinetic energy to overcome the diffusion

imitation. In addition, for C@HC, CO 2 eluted from the adsorption col-
mn with a sharper slope than that for the PFC monolith due to the
eduction of the diffusion path. We assume that modulating the coating
hickness could achieve better CO 2 capture in fuel gas conditions. The
ollow-up work is underway. 

. Conclusions 

In summary, we reported an effective strategy to enhance the separa-
ion performance at moderate temperatures over a series of poly(furfuryl
lcohol) based ultra-microporous carbons. Utilizing the kinetic energy
rovided by increased temperatures, the CO 2 diffusion limitation is
vercome to offset the loss of the CO 2 uptake that normally as increas-
ng the adsorption temperature. This concept has been demonstrated
s an appealing strategy for CO capture from fuel gas, which repre-
2 

6 
ents a fresh idea in designing targeted adsorbents. Furthermore, the
oly(furfuryl alcohol) precursor can be nanocoated on various supports
o function as gas selective layers, which can be employed in a variety
f separation applications. 
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