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To confront the energy consumption, high performance membrane materials
are urgently needed. Carbon molecular sieve (CMS) membranes exhibit
superior capability in separating gas mixtures efficiently. However, it remains a
grand challenge to precisely tune the pore size and distribution of CMS
membranes to further improve their molecular sieving properties. Herein,
we report an approach of finely modulating CMS pore structure by using
the reactive Al(CH5); to in situ defluorinate the polymer precursor to form
Al-F,(CH3)3.« in the polymer matrix, which is further converted to atomic-level
Al,O3 and Al-F3 in the polymer matrix. These nanoparticles play the key role in
regulating the pore size of CMS membranes by suppressing the formation of
unfavorable large pores during pyrolysis, thus enhancing the gas selectivity
considerably. The resultant CMS membranes demonstrate a H,/CH,4 and
CO,/CHy, selectivity of 192.6, and 58.4, respectively, 128% and 93% higher than

the untreated samples, residing far above the latest upper bounds.

Energy consumption associated with the separation and purification of
industrial gases accounts for 10-15% of global energy use and will
continue to grow to triple by 2050 with global population and eco-
nomic development'. Compared with traditional thermally separation
processes, membrane technology is economically attractive for gas
separation, as it is more energy efficient with lower capital cost, smaller
physical footprints and more environmental benignity than conven-
tional thermally driven distillation processes*”. Among various mem-
brane materials, Carbon Molecular Sieve (CMS) materials have been
extensively explored by thermal decomposition of polymer precursors
to produce a carbon material with a dual-distribution of micropores
and ultra-micropores, offering simultaneously high gas separation
productivity and efficacy®’. For instance, 6FDA-based polyimides have
been used as precursors to fabricate CMS membranes demonstrating
ultra-high gas permeability and selectivity which surpass the well-
known Robeson upper bound®™.

In recent decades, although new structures of precursor polymers
have been designed to prepare CMS membranes™?°, it remains a
crucial hurdle to precisely tune the pore size and distribution of CMS
materials to further improve their molecular sieving properties. In the
context, treating precursors by crosslinking or polymer blending has
been explored to modulate the pore size of CMS membranes'® %,
which, however, exhibits limited ability in controlling the pore size, as
reflected by the moderate enhancement of gas selectivity. As a family
of high-performing materials, 6FDA-based polyimides have been
heavily explored to fabricate CMS membranes since the fluorinated
-CF3 groups create a large fraction free volume, contributing the high
throughputs of CMS membranes”. Nonetheless, the vast majority of
researches focus on the pyrolysis parameters to manipulate the pore
size and a thermal treatment temperature as high as 900 °C is often
used to prepare selective membranes, tending to make membranes
fragile and prone to breakage”.
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In order to address the abovementioned challenges in CMS,
herein, we proposed a methodology of precisely tuning CMS pore
structure by using the reactive Al(CH3); to in situ defluorinate the
6FDA-polyimide precursor to form Al-F,(CH3);, intermediate
(including Al-F3) where x=1, 2 or 3. Such an intermediate complex is
coverted to atmoic-level Al,O3 and Al-F;, which finely modulate the
pore formation of CMS membranes. Indeed, these atomically dis-
tributed nanoparticles in the polymer matrix retard the formation of
unfavorable large pores and promotes the creation of relatively small
and uniform pores, thus enhancing the gas selectivity considerably
without prohibitvely sacrificing the gas permeability. Specifically, in
this work, we judiciously selected a F-rich 6FDA-TFDB polyimide as an
exemplified 6FDA-based polymer precursor to prepare CMS mem-
branes. As illustrated in Fig. 1, the -CF3 moieties in the side chains of
6FDA-TFDB polyimide partially in situ react with Al(CH3)3 to form the
defluorinated polymer, R-CF 5.5 (CHs)y, and Al-F4(CHs);.« intermediate
in the polymer matrix. During the exposure of moisture, Al-F,(CH3)3.x
was instantly transformed into Al,O3 and Al-F; in the polymer pre-
cusor. In the later pyrolysis of this hybrid precuresor, the off-gas from
the decompositie of polyimide, HF, reacts with Al,O3 to further pro-
duce Al-F; in CMS membrane. The resultant CMS membranes
demonstrate unprecedented gas separation performance well above
the latest trade-off lines for gas pairs including CO,/CH,4, Ho/CHy4, Hy/
Ny, Ho/CO,, and O,/N,. Moreover, the CMS membranes display sig-
nificantly reduced aging compared with untreated samples. To our
best knowledge, it is the first time to report the in situ formation of Al-
F3 in both the polymer precursor and CMS to precisely regulate the
pore size of CMS with dramatically enhanced separation performance
and aging resistance.

Results

Preparation and characterization of 6FDA-TFDB-x precursor
and CMS membranes

The synthesis of white 6FDA-TFDB polymer was shown in Supple-
mentary Fig. S1. Loading freshly-made pristine 6FDA-TFDB membranes
in the chamber (Supplementary Fig. S2), trimethyl aluminum (TMA)
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and water were applied on membrane samples as vapor phase pre-
cursors for Al,05 deposition**?, and a short exposure time of 8 s was
adopted for precise control of TMA deposition on membrane surfaces
and within micropores (Fig. 1). The resulting white and transparent
membranes were designated as 6FDA-TFDB-x, where x refers the
number of cycles of the ALD process (4-12). Afterward, the 6FDA-
TFDB-x polymer membrane was pyrolyzed in a controlled environ-
ment to create CMS membranes. The pyrolysis temperature was con-
trolled via a three-zone tube furnace at 550 °C under Ar purging.
Details of the experimental method related to the fabrication of CMS
membranes are described in the Supporting Information.

The physicochemical properties of membranes were first char-
acterized. The TGA trace of 6FDA-TFDB and 6FDA-TFDB-x precursor
membranes are shown in Supplementary Fig. S3. 6FDA-TFDB and
6FDA-TFDB-x precursor membranes exhibit similar trends of weight
loss, suggesting the trace Al in the polymer membranes has insignif-
icant effects in the membrane thermal stability. In addition, the surface
and cross-sectional morphologies of the 6FDA-TFDB and 6FDA-TFDB-x
precursor membranes were examined using SEM. As shown in Sup-
plementary Fig. S4, the precursor membranes demonstrate rather
homogeneous morphological structures. The F and Al distribution on
the surface and in cross-sections of 6FDA-TFDB-x precursor and CMS
membranes were analyzed by Al and F elemental SEM and EDS map-
ping (Supplementary Fig. S5). Apparently, the aluminum content on
the surface of membrane increases with different cycles (highlighted
as red spots in Supplementary Fig. S4a-d, yellow spots refer the
overlap of red and green). As expected, the EDS mapping results of the
cross-sectional specimen (Supplementary Fig. S4e-h) indicate that the
content of aluminum increases from 4 to 7 cycles (cross-sectional
specimen shown in Supplementary Fig. S6). On the other hand, the
concentration of fluorine increases with the number of cycles from 7 to
12 cycles, which was due to the in situ formation of Al-F complex during
the ALD and pyrolysis process®.

The elements contents of polymer precursor membrane samples
were further studied by X-ray photoelectron spectrometer (XPS) (Fig. 2
and Supplementary Figs. S7 and 8). XPS results in Fig. 2a and

R-C F(3-x)(c H3)x

Al-F,(CHy)5.

-

\\ 4
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Fig. 1| Schematic of the CMS membranes fabricated byALD strategy. Including chemical structure of 6FDA-TFDB polymer with the proposed reaction mechanism

during ALD and pyrolysis process.

Nature Communications | (2025)16:133


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54275-1

(a)

F1s of precursor

F.C
6FDA-TFDB

F-Al

6FDA-TFDB-4
6FDA-TFDB-7

Intensity (arb. units)

6FDA-TFDB-10
6FDA-TFDB-12_~"

AlF,
680 682 684 686 688 690 692 694
Binding Energy (eV)
(©) [F1s of cms

6FDA-TFDB-12

6FDA-TFDB-10

Intensity (arb. units)

F-Al
AIF, {
sroateoer 7w
6FDA-TFDB-4
6FDA-TFDB
680 6;32 Gé4 666 668 GSI)O 692

Binding Energy (eV)

~~
O
N

C1s of precursor

6FDA-TFDB

6FDA-TFDB-4
6FDA-TFDB-7
6FDA-TFDB-1

Intensity (arb. units)

6FDA-TFDB-12/

4 rr° 1 ' &t " &t " I °~ I " _T°
278 280 282 284 286 288 290 292 294 296
Binding Energy (eV)

(d)

N71s of CMS
E 6FDA-TFDB precursor
=
=
£ |6FDA-TFDB
m .
~ pyrrolic N
2 |6FDA-TFDB-4
2 o~
& | 6FDA-TFDB-7 pyridinic
[=

6FDA-TFDB-10

6FDA-TFDB-12

408 406 404 402 400 398 396 394
Binding Energy (eV)

Fig. 2 | XPS characterization of 6FDA-TFDB-x precursor and CMS. a Typical F1s XPS of 6FDA-TFDB-x precursors to compare with AlF;. b Cls XPS of 6FDA-TFDB-x
precursors. ¢ F1s of 6FDA-TFDB-x CMS membranes with AlF;. d N1s of 6FDA-TFDB-x CMS membranes with 6FDA-TFDB precursor.

Supplementary Fig. S6 demonstrate that the content of F-Al in 6FDA-
TFDB precursor membranes gradually increases with cycles at the peak
of 685.2 eV. However, the F-C content decreases from 4 to 12 cycles at
the peak of 688.1eV. It is hypothesized that the highly reactive AI(CHs)3
could defluorinate the polymer precursor, leading to the reduction of
F-C content. Such an Al-induced defluorination phenomenon of
F-containing polymers was also observed in literature?*°, Further-
more, as the deconvoluted F1s peaks shown in Supplementary Fig. S6,
the degree of F-Al area is found to increase from 39% to 74% with the
cycles increasing from 4 to 12, corroborating the formation of F-Al
bonds in the ALD process. On the other hand, as shown in Fig. 2b, there
is a sharp decrease of Cls signal (-293.1eV) corresponding to the CF;
group when increasing cycles from 4 to 12, indicating that CF; bonds
reduce with more ALD cycles, consistent with the trends shown in
Fig. 2a and Supplementary Fig. S6. In addition, XPS of Al2p in 6FDA-
TFDB-x precursors was conducted with results shown in Supplemen-
tary Fig. S8. The binding energy of 74.9 eV is assigned to Al-O, sug-
gesting the formation of aluminum oxide in the membranes.
Moreover, the binding energy of 76.5eV in the Al2p spectra corre-
sponds to Al-F with intensities of signals gradually increasing with the
cycles®?.. Such a trend not only agrees with the result in Fig. 2a but also
provides further evidence of Al-F formation upon ALD treatment.
CMS membrane samples were also characterized using XPS and
the spectra exhibit distinct peaks resulting from the presence of Fls,

Nis, Al2p, and Cls as shown in Fig. 2c, d and Supplementary
Figs. S9 and 10. As expected, the F1s XPS spectrum of untreated 6FDA-
TFDB CMS membranes shown F-C bonds at the peak of 688.1eV,
which, however, does not exhibit F-Al bonds since ALD treatment was
not applied in the process of CMS fabrication (Fig. 2c). Interestingly,
upon ALD treatment, F-C bonds disappear, consistent with our pre-
vious study that the ALD tends to defluorinate the precursor, essen-
tially leading to the loss of F-C groups. Moreover, the content of F-Al as
indicated by the peak at 688.1 eV increases with cycles to increase the
content of aluminum in CMS membranes. On the other hand, the
content of pyridinic N in CMS has been found to play a critical role in
gas transport properties, and the decrease of pyridinic N reduces gas
permeabilities®. As Fig. 2d shows, the Nls spectra clearly display the
presence of both pyridinic N and pyrrolic N, corresponding to the peak
at 398.0-398.8 eV and 400.3-400.8 eV, respectively. The intensities of
pyridinic N and pyrrolic N peaks decrease with increased cycles. Based
on the deconvoluted Nl1s peaks shown in Supplementary Fig. S9, the
areas of pyridinic N of 6FDA-TFDB and 6FDA-TFDB-x (x=4, 7, 10, 12)
CMS membranes are estimated to be 39.4%, 39.1 %, 36.3%, 33.1% and
26.8%, respectively. The increase of cycles to reduce the contents of
pyridinic N, indicating the ALD treatment affects the formation of
pyridinic N during pyrolysis. In addition, Al2p XPS of 6FDA-TFDB-x
CMS membranes show that Al-F content of membranes increases with
the cycles (Supplementary Fig. S10), as more Al,O; were converted
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Fig. 3 | Structure characterization of 6FDA-TFDB-x precursor and CMS mem-
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into Al-F complex®®. Raman was also conducted on CMS membranes
with the D and G peaks shown in Raman spectra (Supplementary
Fig. S11). The smaller the I,/I; ratio, the lower the defect density in the
material and the higher the graphite-like regularity”?°. As the ALD
increase from 4 to 12 cycles, the ratio of Ip/lg gradually decreases,
indicating an increased degree of graphitization and a reduced level of
defects in the amorphous CMS structure.

The evolution of chemical structure of precursors upon ALD
process is further probed by F NMR, ATR-FTIR and TGA-FTIR. As
illustrated in F NMR spectra of 6FDA-TFDB and 6FDA-TFDB-x pre-
cursors (Fig. 3a) and CMS of 6FDA-TFDB-x, aromatic and alkane C-F5 in
TFDB and 6FDA moieties are clearly detected. More importantly, an
apparent new peak at -57.2 ppm emerges, suggesting the formation of
Al-F bonds. F NMR spectra of 6FDA-TFDB-x CMS membranes show
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that the chemical shifts of Al-F shift from -109.51 ppm to -126.38 ppm
due to terminal F atoms are highly shielded with the ALD increasing
(Fig. 3b). In addition, as shown by ATR-FTIR in Fig. 3¢, the peak of
1256 cm™ is ascribed to C-F; stretching vibration of polymers®. Upon
ALD treatment, detectable C-F5 shifts from 1256 cm™ to 1250 cm™ were
found in 6FDA-TFDB-x precursor membranes, which ascribe to the
increased interaction between F and Al with cycles since the heavy
mass Al reduces the vibration frequency of C-F; stretching and rock-
ing. As TGA-FTTR results of 6FDA-TFDB-x membranes shown in
Fig. 3d-f, major off-gases including CO,, CO and CF3;H were released
during the pyrolysis, consistent with the literature reported
elsewhere?. Moreover, the amount of CF;H gas tends to decrease
when the ALD cycles increase from 4 to 12, as indicated by the TGA-
FTIR spectra data, likely due to partial -CF; groups transformed into
AlF;, consistent with the EDS mapping results in Supplementary
Fig. S4. CMS membrane samples were also tested using ATR-FTIR with
results shown in Supplementary Fig. S12b, which display broad
shoulders of absorbance peaks at ~890-1145 cm™, corresponding to
Al-F stretching vibrations®***. The occurrence of absorbance peaks of
Al-F5 in a broad range of vibrational frequencies again confirms the
formation of Al-F bonds™.

To further illustrate the critical role of Al-F bonds formed in situ
during ALD treatment, we prepared CMS membranes by mixing pre-
cursor polymers with 2% and 5% Al,O5 particles, following by pyrolysis
with same conditions as ALD treated samples. XPS (Supplementary
Figs. S13-16) was performed on both precursors and CMS membranes.
The Al2p XPS and Fl1s XPS results do not reveal the F-Al bond in the
6FDA-TFDB/AI,O3 precursor or CMS membranes (Supplementary
Figs. S13 and 14), since the peaks of binding energy completely differ
from the Al-F bond as demonstrated in samples with ALD treatment
(Fig. 3a, Supplementary Figs. S7 and 8). In addition, Cls XPS results
show that the C-F bond was not impacted by the addition of Al,O5 in
precursors as the intensities of binding energy remain similar for
polymer and Al,O3-doped polymer membranes (Supplementary
Fig. S15), different from membranes with ALD cycles (Fig. 2b). In a
sharp contrast to the case of ALD-treated membranes, the N1s spectra
of 6FDA-TFDB/AIl,03 CMS membranes show the same ratio of pyridinic
N and pyrrolic N while such ratio in 6FDA-TFDB CMS membranes
changes significantly with different ALD cycles (Supplementary
Figs. S9 and S16). The above characterization proves that Al-F bond
cannot be established by simply mixing Al,O3; with -CF; containing
polymers, reflecting the crucial role of ALD treatment in creating Al-F
bonds in membranes.

The research of gas sorption and pore sizes

The gas sorption and pore sizes of CMS membranes were analyzed
with N, adsorption experiments. As shown in Fig. 4a, the N, adsorption
capacity drops as the number of cycles increases, owing to the pore-
blocking effect of ALD treatments with added cycles. As a result, the N,
derived BET surface area decreases from 949.8 to 847.6 m* g™ for the
6FDA-TFDB and 6FDA-TFDB-12 CMS membranes, respectively (Sup-
plementary Table S1). The pore size distributions of CMS membranes
were further examined based on non-local density functional theory
with results illustrated in Fig. 4b, showing that the 6FDA-TFDB CMS
membrane possesses an average pore size of 6-11 A. In contrast, after
4-12 cycles, the average pore size decreases to the range of 5.5-8.0 A.
The 6FDA-TFDB-x CMS membranes show a clearly reduced pore size
compared to the pristine 6FDA-TFDB CMS membrane, suggesting that
ALD treatment is expected to enhance molecular sieving properties of
CMS membranes by narrowing the pore sizes and creating ultra-
micropores in CMS matrix as will be discussed later.

Pure and mixed gas separation performance
To study effects of ALD on membrane separation performance, the gas
permeability and selectivity of both precursors and CMS membranes

derived from 6FDA-TFDB and 6FDA-TFDB-x were tested with per-
meation results summarized in Supplementary Table S1-2, Fig. 4 and
Supplementary Fig. S17. The results of polymeric precursors in Fig. 4c,
d shows that the gas permeability decreases continuously while the
selectivity generally decreases with the increase of cycles. ALD
deposition layer near the surface of membranes creates additional gas
transport resistance, thereby reducing the gas permeabilities, which,
however, does not improve molecular sieving properties of polymeric
membranes. Surprisingly, 6FDA-TFDB-x CMS membranes show pro-
nounced enhancement of gas selectivities upon ALD treatment. Similar
to polymeric precursors, the more cycles and the lower gas perme-
abilities of CMS membranes. The drop of permeability results from the
additional layer by ALD deposition and consistent with the decrease of
content of pyridinic N as shown in Fig. 2d, which also agrees with the
finding reported in the literature®. On the other hand, the effect of
ALD on gas selectivity is relatively complicated. In the beginning, the
gas selectivity of 6FDA-TFDB-x CMS membranes is amplified by
introducing cycles from 4 to 7 with a drop of gas permeability. For
instance, 6FDA-TFDB-7 shows a CO,/CH, selectivity of 58.4 with a CO,
permeability of 7767 Barrer, compared with a CO,/CH, selectivity of
30.2 and a CO, permeability of 12653 Barrer in the case of untreated
6FDA-TFDB CMS membranes. Higher pyrolysis temperatures up to
800 °C were also investigated with gas permeation shown in Supple-
mentary Table S2 and XPS results shown in Supplementary Fig. S20.
The 6FDA-TFDB and 6FDA-TFDB-7 CMS membranes pyrolyzed at
700 °C display lower CO, permeability but higher CO,/CH, selectivity
compared with the cases of 550 °C pyrolysis. An increase in pyrolysis
temperature to 800 °C led to higher CO,/CH, selectivity but lower CO,
permeability compared with that of 700 °C. The 6FDA-TFDB-7 CMS
membrane pyrolyzed at 800 °C show attractive performance with a
CO, permeability of 1805 Barrer and a CO,/CHy, selectivity of 189.5.
By plotting with upper bounds, the overall performance of 6FDA-
TFDB-4 and 6FDA-TFDB-7 CMS surpass the latest upper bounds for
CO,/CH, and Oy/N, (Fig. 4, f). In fact, the CO,/CHy, selectivity of 6FDA-
TFDB-7 CMS membranes is the highest among reported 550 °C pyr-
olyzed CMS membranes derived from polymers including Matrimid®,
6FDA-BPDA/DAM, 6FDA-mPDA/DABA, 6FDA/DETDA-DABA, 6FDA/1,5-
ND:ODA,TB, PIM, and PIM-PI, as shown in Supplementary Table S4 and
other polymers®%, When further increasing the number of cycles to 10
and 12, the gas selectivity of CMS membranes tends to decrease but
remains higher than untreated membranes. In any case, the above
results suggest that ALD strategy is an effective strategy in developing
CMS membranes with high permeability and selectivity and there
exists an optimal cycle for preparing the most selective CMS materials.
Presumably, the existence of AI-F complex plays the key role in
affecting CMS membrane separation performance, generated from
two possible paths: 1) defluorination of polymer precursors with
Al(CH3); during ALD treatment in the absence of pyrolysis; 2) reaction
of Al,O5 with HF released during pyrolysis starting at a temperature of
~450°C*. AI-F complex is expected to interact strongly with strands
including -C=0*°, C-N* and C-F moieties by Vander Waals force during
pyrolysis, which likely promotes an efficient packing of strands and
reduces the pore sizes, essentially improving the gas selectivity.
However, when excessive cycles applied, the pore size reduces to a
level where the fast gas permeability (i.e. H,, CO,) drops more rapidly
than the slow gas (i.e. N», CH,), leading to a decrease of gas selectivity.
In order to decouple the effect of Al-F from Al,O5; on gas separa-
tion performance, 1%, 2%, 4% and 5% Al,O3 and AlF5; were blended with
6FDA-TFDB to prepare mixed matrix membranes, followed by pyr-
olysis to fabricate CMS membranes. The optical images of mixed
matrix membranes incorporated with Al,O5; or AlF; are opaque, dif-
ferent from transparent 6FDA-TFDB-x samples with the ALD process
(Supplementary Fig. S18). In addition, the mechanical properties of
mixed matrix membranes CMS are relatively lower than the 6FDA-
TFDB and 6FDA-TFDB-x CMS membranes (Supplementary Fig. S19).
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Fig. 4 | The pore size characterization and gas separation performances of
6FDA-TFDB-x CMS membranes. a N, adsorption isotherms of 6FDA-TFDB-x CMS
membranes was obtained at 77 K. b Pore size distribution of 6FDA-TFDB-x CMS
membranes from N, adsorption. ¢ CO, permeability and CO,/CHj, selectivity of
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Furthermore, the gas separation performance of those membranes
was tested with results shown in Supplementary Table S2. As a typical
pore former, the addition of Al,O5; improves the gas permeability with
a simultaneous loss of gas selectivity. However, in the case of AlF;
mixed matrix membranes, AlF; tends to reduce gas permeability and
increase gas selectivity in a strong agreement with aforementioned
discussions. For instance, 5wt% AlF; 6FDA-TFDB CMS membranes
display an increase of CO,/CH, selectivity from 30.2 to 42.6, and O,/N,
selectivity from 4.9 to 5.6, compared with untreated 6FDA-TFDB CMS,
respectively. These experiments further corroborate our findings on

the crucial role of the Al-F bond in determining CMS structures and
molecular sieving properties, in addition, the Al element was dis-
tributed uniformly in 6FDA-TFDB-x membrane, as confirmed by SEM-
EDX mapping and TEM (Supplementary Figs. S21-S24).

The gas separation performance of 6FDA-TFDB and 6FDA-TFDB-7
CMS membranes under high operation pressures was explored using a
binary mixture of CO,/CH4 and CO,/N, (50/50 vol.%). As shown in Fig. 5
and Supplementary Fig. S16, the CMS membranes demonstrate
excellent CO,/CH,; mixed-gas separation performance at elevated
pressures. The CO,/CH, mixed-gas selectivity reaches as high as 55.6 at
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Fig. 5| Gas separation performances of mixed gas, anti-plasticization and aging
performance. a 50%/50% CO,/CH, mixed-gas separation performance at different
CO, upstream partial pressures ranging from 100 to 400 psi. b The upper bound of
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mixed-gas with 6FDA-TFDB and 6FDA-TFDB-7 CMS membranes. ¢ Physical aging
behavior of the 6FDA-TFDB CMS membrane over time. d Physical aging behavior of
the 6FDA-TFDB-7 CMS membrane over time.

afeed pressure of 400 psi. Moreover, the CO,/CH, selectivity of 6FDA-
TFDB and 6FDA-TFDB-7 CMS membranes maintain nearly unchanged
comparing with the pure gas permeation results (Fig. 5a). Such mixed
gas separation performance places the CMS membranes well above
the mixed-gas trade-off curve for CO,/CH, (Fig. 5b). Furthermore, the
CO,/N; selectivity of 6FDA-TFDB without ALD treatment was lower
than 2019 upper bound while 6FDA-TFDB-7 CMS membranes with ALD
treatment surpass the 2019 upper bound, indicative of the critical role
of ALD treatment in affecting the membrane separation performance.

The aging behavior of 6FDA-TFDB and 6FDA-TFDB-7 CMS
membranes

A key obstacle for most CMS membranes lies in their lack of long-
term stability***’. To investigate the durability of 6FDA-TFDB and
6FDA-TFDB-7 CMS membranes over time, we performed an aging
study as long as 480 h, during which the upstream and downstream
of membrane samples were pulling vacuum with results shown in
Fig. 5 and Supplementary Table S3. Similar to other reported CMS,
the untreated 6FDA-TFDB CMS membrane shows a typical physical
aging phenomenon and the CO, permeability drops over 70.3% from
12,653 to 3764 Barrer during the first 120 h (Fig. 5¢, d). The aging
tends to slow down after 120 h but there is still a drop of CO, per-
meability over 30% during aging from 120 > 480 h. In a sharp con-
trast, the ALD treated 6FDA-TFDB-7 CMS membranes demonstrate
significantly enhanced aging resistance. The CO, permeability
decreases only 13.6% from 7767 to 6709 Barrer during the first 120 h
aging, much lower than the case of untreated CMS. After aging for
120h, the CO, permeability of 6FDA-TFDB-7 decrease 10.3%.

Combing the two stages of aging, the ALD treated CMS samples only
show a loss of CO, permeability less than 13.6%, considerably lower
than that in the case of untreated CMS (i.e. 70.3%). On the other
hand, both CMS samples exhibit pronounced increases of gas
selectivity after aging. Note that the CO,/CH, selectivity of 6FDA-
TFDB-7 CMS membrane is as high as 93.9 after aging 480 h. We
hypothesize that the existence of the F-Al complex in the 6FDA-
TFDB-7 CMS membranes results in rigidified CMS matrix, thereby
suppressing the pore collapse of membranes and retaining high gas
permeability during aging.

Discussion

In summary, we successfully exploited Al-F in situ formation at atomic-
level to precisely tune the pore size and distribution of 6FDA-TFDB
CMS membranes to further improve their molecular sieving proper-
ties. During the ALD treatment, AI(CH3); to defluorinate the 6FDA-
TFDB polymer precursor in situ to form Al-F,(CHs)s. then to Al,O5; and
Al-F3 in the polymer matrix as confirmed by characterizations includ-
ing XPS, ATR-FTIR and F NMR, the thermally treated at 550 °C for 2 h,
all Al-F5 formation on the CMS. The AlF;-tailored ultramicropore size
distribution shifted from 5.5 to 8.0 A, which fits well for discriminating
H, CO, CH, gases, provides an effective approach to regulate the
nanopores of CMS materials and produce high-efficiency CMS with
aging drastically suppressed and performance far beyond current
upper bounds. With both pure- and mixed-gas permeation, the ALD
treated 6FDA-TFDB-7 CMS membrane exhibits unprecedented
separation performance for H,/CH4, CO,/CH, and O,/N,, locating far
above the latest trade-off lines. Moreover, the 6FDA-TFDB-7 CMS

Nature Communications | (2025)16:133


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54275-1

membrane shows significantly retarded physical aging with a CO,
permeability loss only 22.5% during the 480 h aging study. The ALD
approach described in this work offers an efficient and facile method
for tailoring membrane structure and properties with potential for gas
separations such as CO, removal and H, purification.

Methods

Materials

The raw material 4,4’-(hexafluoroisopropylidene)diphthalic anhy-
dride (6FDA) and 2,2-bis(trifluoromethyl)-[1,1'-biphenyl]-4,4’-diamine
(TFDB) for the synthesis polyimide were obtained from Sigma-
Aldrich and purified by sublimation prior to use. The solvent N-
methylpyrrolidone (NMP) was dried by standard methods before
using. Acetic anhydride, 2-methylpyridine, Al,O3, AlF; were obtained
from Energy Chemical, and used without further purified.

Synthesis of 6FDA-TFDB polymer

The 2,2-bis(trifluoromethyl)-[1,1’-biphenyl]-4,4’-diamine (TFDB
10 mmol) was dissolved in NMP (15mL) under a nitrogen atmo-
sphere. The system was stirred at -5 °C temperature for 30 min,
4,4’-(hexafluoroisopropylidene)diphthalic ~ anhydride  (6FDA
10 mmol) was added (divided into two times) and stirred for 24 h
to form a polyamic acid solution. Acetic anhydride (100 mmol)
and 2-methylpyridine (10 mmol) were added to polyamic acid
solution and stirred for 24 h. The resulting polyimide were pre-
cipitated with methanol and washed with methanol three times at
60°C, then dried at 80°C under vacuum for 24 h for using
(Supplementary Fig. S1). The molecular weight was estimated
with the results of M,,=10.8 x 10*, PDI=3.4.

6FDA-TFDB membrane preparation

Dense membranes were prepared by solution casting of filtered 6FDA-
TFDB in NMP on clean glass substrate inside a vacuum drying oven
evaporate the solvent at 80 °C for 12 h. After completion of the eva-
poration of NMP solvent, the membrane was soaked in methanol for
overnight and further dried in a vacuum oven at 70 °C for 24 h. The
thickness of the 6FDA-TFDB membrane was about 60 pm (10 um).

Preparation of 6FDA-TFDB-x

6FDA-TFDB-x was obtained by depositing Al,O; on 6FDA-TFDB by ALD
method in a custom-made hot-wall closed chamber-type ALD reactor,
and the Al,O3 was deposited at 125 °C using trimethylaluminium (TMA)
and deionized H,0 as precursors, the mechanism and detailed set-up
were shown in the below Supplementary Fig. S2. The detailed Al,O3
ALD process contains the following steps: (i) The 6FDA-TFDB mem-
branes with diameter of -7 cm and thickness of ~60 pm involved pla-
cing (but not fixing) them in the ALD device, which was then pumped
down under an oil pump to the pressure ~20 Pa. (ii) TMA vapor pulse
was introduced to the system by opening the valve A (Supplementary
Fig. S2a) for 0.02 s, which was then exposed to 6FDA-TFDB membrane
for 8 s to accommodate the TMA on the surface or inside the micro-
pore of 6FDA-TFDB, and thereafter, the system was purged with inert
N, for 25 s to get rid of the residual non-anchored TMA in the chamber.
(iii) HO as the second precursor was then loaded following the same
procedure as that of TMA with the pulse, exposure and purge time of
0.1, 8, and 255, respectively. (iv) The above (ii) and (iii) procedures
were repeated for different cycles to get the resulting polymer mem-
branes. Meanwhile, membrane with 1cm? was cut by scissor for gas
separation testing. Membrane with each ALD cycles was tested for
three different samples, and the deviation of the results was
less than 5%.

Preparation of 6FDA-TFDB-x CMS membranes
The 6FDA-TFDB-x CMS membranes were obtained by pyrolyzing
the6FDA-TFDB-x precursor membranes using the following

procedure. More specifically, the polymer films were cut into a rec-
tangle of 1cm x 5 cm, and placed into a tube furnace (Centurion Ney-
techQex). The tube furnace was blown via Ar for 2 h, while the oxygen
level was kept to be below 10 ppm as detected by using an oxygen
analyser (Cambridge Sensotec Ltd, Rapidox 2100 series, Cambridge,
England).

Starting point at 30 °C;

From 30 °C to 250 °C at a ramp rate of 13.33 °C/min;

From 250 °C to 535 °C at a ramp rate of (3.85 °C/min);

From 535 °C to 550 °C at a ramp rate of (0.25°C/min);

Soaked at 550 °C for 120 min;

Cooled to the temperature of 20 °C for 180 min.

S AW~

Finally, the obtained 6FDA-TFDB CMS dense membranes were
carefully removed from the tube furnace to be tested.

Preparation of 6FDA-TFDB-Al,05-x and 6FDA-TFDB-

AlF3-x MMMs

Specifically, Al,O03 and AIF3 were added to 6FDA-TFDB solution to form
2wt% and 5wt% solutions by physical blending and casting method.
The casting solutions were stirred for 12 h and stood still for another
12 h for thorough dispersion and bubble removal before casting. Then,
the solutions were cast on the glass support followed by being dried at
80 °C and for 24 h to obtain the 6FDA-TFDB-Al,O3-x and 6FDA-TFDB-
AlF3-x MMMs.

Gas permeability testing

The pristine and Al,O; ALD modified 6FDA-TFDB dense mem-
branes were tested in pure gas systems. The pure gas permeation
properties were evaluated by a constant-volume/variable-pres-
sure method (constant downstream volume permeation appara-
tus). The downstream pressure was measured using an inficon
transducer ranging from O to 10 torr, and the steady state pres-
sure changing with time (dp/dt) was selected to calculate the
permeability (P). Each pure gas was tested in the sequence of CHy,
N,, 0,, CO, and H,, at 35°C and 100 psi. Membranes with each
ALD cycles were tested for three different samples and the
deviation was less than 5%. Permeability (P) was calculated using
the following Eq. (1):

273\ /dp\ [

- (%) (&) (a) w
where P is the permeability (Barrer), 1 Barrer =10"° ¢cm*(STP) cm cm™
s cmHg™, | is the membrane thickness (cm), A is the effective mem-
brane area (cm?), T is the operating temperature (K), R is the gas
constant (0.278 cm® cmHg cm™(STP) K™) and dp/dt is the steady-state
downstream pressure increase rate (cmHgs™).

The ideal selectivity (o) for components x and y was defined as
the ratio of gas permeability of the two components via Eq. (2).

— PX
ax/y - P_y )

Binary gas mixtures testing

The CO,/CH,4 and CO,/N, mixed-gas testing was performed at 35°C
use a gas mixture as feed gas with component ratio of 50/50, and the
upstream pressure ranging from 50 to 400 psi. The retention flow
rate was controlled by MFC to be -100 times higher than the
permeate gas to keep the constant component ratio in the upstream.
The permeated gas was collected in the downstream volume till the
pressure reached more than 9 torr. The component ratio of the
permeate gas was tested and confirmed by GC (GC-7820A, Agilent).
The permeability in the mixed-gas separation was calculated from
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the steady state using the following equation:

—-1010 yxxvxl &
Px 10 XxxxfupxXTxRxAxdt (3)
xVxl d
P,=10" x y P 4)

=y @@ x_F
X, % Fupy *TXRXA " d;

Where x4 and x, are the feeding component ratio of CO,, CH,4 or N, yx
and y, are the permeate gas concentration of CO, and CH, or N,
respectively. f is the fugacity of the upstream partial pressure, and the
dp/dt is the steady-state downstream pressure increase rate (cmHg
s™). The selectivity of x/y can be calculated as follows:

_ yx/yy
X/y Xx/xy

S

Data availability
All data supporting the results of this study are available from the
corresponding author upon request.
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