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A B S T R A C T   

Metal-organic framework (MOF) membranes have received increasing attention due to their unprecedented 
potential for energy-efficient gas separation. Compared with other MOF materials (like ZIF), fabrication and 
microstructural manipulation of high-performance Ti-MOF-based membranes, although being very attractive due 
to their excellent chemical and thermal stability, remained relatively less investigated due to the limitations of 
available titanium sources and heating modes. In this study, different Ti sources (TPOT, TiS2, and MXene) and 
heating modes (conventional heating, multi-mode microwave heating, and single-mode microwave heating) 
were examined for the preparation of NH2-MIL-125 membranes showing diverse microstructures and gas sep-
aration performances. The present work revealed that for the first time, MXene, the new two-dimensional Ti 
carbide, could be used as Ti source for synthesizing MOF membranes. The best performing NH2-MIL-125 
membranes, which were obtained with TiS2 as the metal source under single-mode microwave heating, exhibited 
the highest H2/CO2 selectivity (ca. 17.2) as well as considerable H2 permeance (1.7 × 10− 7 mol m− 2 s− 1 Pa− 1), 
owing to an enhanced non-thermal effect of single-mode microwave heating and balanced dissolution rate of 
TiS2.   

1. Introduction 

Metal-organic framework (MOF) represents a new class of crystalline 
porous materials constructed by metal ions or clusters with organic li-
gands. The flexible framework topology, adjustable pore aperture, and 
rich functionality make MOF materials attractive for a wide range of 
potential applications especially for membrane-based separations 
[1–12]. Among them, Ti-MOF-based membranes are particularly 
attractive due to their excellent chemical and thermal stability as well as 
unique photocatalytic activity [13–19]. NH2-MIL-125 as one of the most 
extensively studied Ti-MOF has shown a tremendous promise for CO2 
capture due to the appropriate pore aperture and preferential affinity for 
CO2 [20,21]. NH2-MIL-125 has a three-dimensional framework with two 
kinds of cages (6.1 Å and 12.6 Å in size, respectively), accessible through 

the microporous aperture of 5–7 Å (Fig. S1) [22,23]. Nevertheless, to 
date few studies have been carried out on the fabrication and micro-
structural optimization of NH2-MIL-125 membranes due to the 
following issues: (1) Limited availability of Ti sources. Metal sources 
have proven to exert remarkable influence on the microstructure and 
separation performance of MOF membranes as was the case with ZIF-8 
and HKUST-1 membranes [24–27]. Nevertheless, under most conditions 
only titanium isopropoxide (TPOT) was employed as metal source of 
Ti-MOF membranes. Since TPOT was susceptible to hydrolysis upon 
even transient exposure to moisture in the air, it became very chal-
lenging to accurately manipulate the microstructure of NH2-MIL-125 
membranes, which hindered further improvements in separation per-
formance [13]. (2) Limited preparation techniques. Although diverse 
techniques have been developed for the preparation of 
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high-performance MOF membranes, in most cases only conventional 
solvothermal growth was employed in functional NH2-MIL-125 mem-
brane synthesis. In a recent study [21], we successfully prepared 
out-of-plane oriented NH2-MIL-125 membranes with considerable 
H2/CO2 selectivity by using layered TiS2 as Ti source under single-mode 
microwave heating. This work demonstrated there remained great op-
portunity in tailoring the membrane synthesis for enhancing the sepa-
ration performance. 

In this study, solvothermal epitaxial growth was conducted for pre-
paring NH2-MIL-125 membranes. Specifically, the influence of Ti sour-
ces (including TPOT, TiS2, and MXene) and heating modes (including 
conventional heating, multi-mode microwave heating, and single-mode 
microwave heating) during epitaxial growth on the microstructure and 
gas separation performance of NH2-MIL-125 membranes was system-
atically investigated. Recently, V2CTx MXene, a young family of 2D 
materials which are prepared by selective etching of the A-group layers 
from Mn+1AXn phases (n = 1, 2, or 3, M stands for an early transition 
metal and X represents carbon or nitrogen [28–31]), was proven to be 
competent metal precursor of 2D MOF nanosheets [32]. Nevertheless, 
there was still no report on Ti-based MOF membrane synthesis with 
MXene as Ti source. This represented a pioneering study on the use of 
MXene as the metal source of MOF membranes. In addition, the best 
performing NH2-MIL-125 membrane offering a H2/CO2 selectivity of 
17.2 was obtained by combining layered TiS2 source with single-mode 
microwave heating, owing to a better coupling effect between dissolu-
tion rate of TiS2 source and nucleation-related bottleneck effect during 
the epitaxial growth. 

2. Experimental section 

2.1. Preparation of NH2-MIL-125 nanoseeds 

0.56 g 2-aminobenzene-1,4-dicarboxylic acid (NH2-BDC, 99.5%, 
Merck), 4.9 g p-toluylic acid (99.9%, Aladdin), and 0.6 ml Ti isoprop-
oxide (TPOT, 99.9%, Energy) were dissolved in 27 ml N, N-dime-
thylformamide (DMF, 99.5% Kermel) and 3 ml methanol (99.5%, 
Kermel) under stirring. The solution was then poured into a 50 ml 
Teflon-lined autoclave and crystallized under the static condition at 150 
◦C for 24 h. After cooling to room temperature, the product was 
repeatedly centrifugated at 8000 rpm and washed with methanol three 
times before final drying at 60 ◦C overnight. 

2.2. NH2-MIL-125 seed layer deposition 

The seed layer was prepared by spin-coating. Before seed deposition, 
the seed suspension was prepared by dispersing 0.001 g NH2-MIL-125 
nanocrystals in 5 ml ethanol (95%, Kermel) under stirring at room 
temperature for at least 6 days. 0.1 ml seed suspension was dropped onto 
the α-Al2O3 plate (Fraunhofer IKTS, Germany) surface, spin-coated at 
3000 rpm for 60 s, and dried at 60 ◦C overnight. 

2.3. Epitaxial growth of NH2-MIL-125 membranes 

Based on heating modes and Ti sources employed, prepared NH2- 
MIL-125 membranes are named as A-B. A is the abbreviation for heating 
mode (C, SM and MM represent conventional heating, single-mode mi-
crowave heating and multi-mode microwave heating, respectively); B is 
the abbreviation for Ti source. 

2.3.1. Epitaxial growth of NH2-MIL-125 membranes under conventional 
heating 

0.28 g NH2-BDC and given amount of Ti source were dissolved in a 
mixed solvent composed of 3 ml methanol and 27 ml DMF under stir-
ring. After pouring the precursor solution into the autoclave where the 
seed layer-modified α-Al2O3 plate was vertically placed, the autoclave 
was sealed, and solvothermal reaction was conducted at 160 ◦C for 12 h. 

The membrane was taken out after cooling to room temperature, rinsed 
with methanol, and finally dried at room temperature overnight. 

For the same content of Ti, 0.02 ml TPOT, 0.007 g TiS2, and 0.003 g 
Ti3C2Tx were used during the epitaxial growth of C-TPOT, C–TiS2, and C- 
MXene membranes, respectively. 

2.3.2. Epitaxial growth of NH2-MIL-125 membranes under single-mode 
microwave heating 

0.28 g NH2-BDC and given amount of Ti source were dissolved in a 
mixed solvent consisting of 15 ml methanol and 15 ml DMF under 
stirring. After pouring the precursor solution into a glass vessel where 
the seed layer-modified α-Al2O3 plate was vertically placed, sol-
vothermal reaction was carried out at 160 ◦C for 10 min in a CEM 
Discover single-mode microwave reactor. The membrane was taken out 
after cooling to room temperature, rinsed with methanol, and finally 
dried at room temperature overnight. 

For the same content of Ti, 0.02 ml TPOT, 0.007 g TiS2, and 0.003 g 
Ti3C2Tx were used during the epitaxial growth of SM-TPOT, SM-TiS2, 
and SM-MXene membranes, respectively. 

2.3.3. Epitaxial growth of NH2-MIL-125 membranes under multi-mode 
microwave heating 

0.28 g NH2-BDC and given amount of Ti source were dissolved in a 
mixed solvent comprising 15 ml methanol and 15 ml DMF with stirring. 
After pouring the precursor solution into a Teflon-lined autoclave where 
seed layer-modified α-Al2O3 plate was vertically placed, solvothermal 
reaction was initiated at 160 ◦C for 60 min in a CEM Mars 6 multi-mode 
microwave reactor. The membrane was taken out after cooling to room 
temperature, rinsed with methanol, and finally dried at room tempera-
ture overnight. 

For the same content of Ti, 0.02 ml TPOT, 0.007 g TiS2, and 0.003 g 
Ti3C2Tx were used during the epitaxial growth of MM-TPOT, MM-TiS2, 
and MM-MXene membranes, respectively. 

2.4. Characterization 

PXRD patterns were measured on a Rigaku SmartLab diffractometer 
with Cu Kα radiation (λ = 0.15418 nm). The value of 2θ ranged from 5◦

to 50◦ with a step size of 0.02◦. Surface morphology of prepared powders 
and membranes was evaluated by SEM (Hitachi FlexSEM 1000). 

2.5. Gas permeation test 

During the mixed gas permeation test, the feed side of the membrane 
was fed with binary gas mixture with a volumetric flow rate of 25 ml 
min− 1 for each gas. The permeate side was swept with Ar with a volu-
metric flow rate of 50 ml min− 1. Pressures on both feed and permeate 
sides were fixed at 1 bar. A gas chromatograph (GC7900, Tencomp) was 
employed to detect the concentration of blended gases on the permeate 
side. The separation factor αi/j for a binary mixture permeation is 
described as the quotient of the molar ratios of the components (i, j) in 
the permeate side, divided by the quotient of the molar ratio of the 
components (i, j) in the feed side. 

3. Results and discussion 

3.1. Preparation and characterization of the seed layer 

Initially, we tried to prepare well-intergrown NH2-MIL-125 mem-
brane on porous α-Al2O3 plate via in-situ solvothermal growth. Never-
theless, NH2-MIL-125 crystals were only sparsely distributed on porous 
α-Al2O3 plate even though the synthetic condition had been substan-
tially optimized (Fig. S2). Subsequently, epitaxial growth was employed 
to prepare well-intergrown NH2-MIL-125 membranes considering its 
ability to precisely control the membrane microstructure by decoupling 
nucleation and epitaxial growth steps. Nanosized NH2-MIL-125 seeds 
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were prepared by a facile solvothermal method [33]. Obtained 
NH2-MIL-125 seeds were uniform and the average grain size reached ca. 
80 nm as evaluated from the SEM image (Fig. 1a). XRD pattern indicated 
that obtained products indeed belonged to the NH2-MIL-125 phase 

(Fig. 1d). 
Stable colloidal ethanol suspension containing NH2-MIL-125 seeds 

was synthesized via simple vortex mixing. As shown in Fig. S3, the seed 
suspension exhibited a Tyndall effect and still did not settle even after 

Fig. 1. SEM images of (a) NH2-MIL-125 seeds, (b, c) prepared NH2-MIL-125 seed layer on the α-Al2O3 substrate and (d) XRD patterns of NH2-MIL-125 seeds and seed 
layer. ◆: peak of α-Al2O3 support. Scale bar: 1 μm. 

Fig. 2. SEM images of (a) prepared Ti3C2Tx, (b) NH2-MIL-125/Ti3C2Tx composite and (c) corresponding XRD patterns. Scale bar: 2 μm.  
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two weeks, which vividly demonstrated its long-term stability. Conse-
quently, spin-coating was employed to deposit uniform NH2-MIL-125 
seed layers. Continuity of the seed layer was found to strongly depend on 
the spinning speed [34,35] and seed concentration [36], the generation 
of voids and cracks was inevitable in the NH2-MIL-125 seed layer in the 
case that the seed concentration in suspension exceeded 0.025 wt% or 
the spinning speed reached higher than 4000 rpm (Fig. S4). Under 
optimized experimental conditions, uniform, closely packed, and 
ultra-thin NH2-MIL-125 seed layers were readily deposited on porous 
α-Al2O3 plate (Fig. 1b and c). The XRD pattern indicated that obtained 
seed layer was randomly oriented (Fig. 1d). In the next step, sol-
vothermal epitaxial growth was conducted to seal any gaps between 
neighboring seeds. 

3.2. Manipulation of membrane microstructure during solvothermal 
epitaxial growth 

3.2.1. Verification of the feasibility of MXene as Ti source of NH2-MIL-125 
Both TPOT and TiS2 have been employed as Ti sources of Ti-MOF 

materials [13,42]. In contrast, potential applications of MXene as Ti 
source in the synthesis of MOF membranes have been rarely reported, 
although Ti3C2Tx, the most studied MXene, may serve as competent Ti 
source of Ti-MOF materials due to the excellent chemical stability, 
decent Ti–C bonding strength, and layered structure [37,38], which 
enabled us to accurately manipulate the microstructure of Ti-MOF 
membranes. Initially, the feasibility for solvothermal conversion of 
MXene precursors into Ti-MOF materials was verified. 

Pristine Ti3C2Tx particles exhibited well-defined plate-like 
morphology (Fig. 2a). After solvothermal treatment with ligand- 
containing solvents, the outer surface of Ti3C2Tx had been evenly 
covered with NH2-MIL-125 crystals with the grain size ranging from 600 
nm to 800 nm (Fig. 2b), which vividly demonstrated that MXene ma-
terials could serve as competent Ti source of Ti-MOF materials. Never-
theless, it remained a great challenge to completely convert Ti3C2Tx to 
NH2-MIL-125 crystals even under harsh solvothermal conditions, owing 
to the relatively strong Ti–C bonding strength and the formation of 
protective NH2-MIL-125 surface coatings, which effectively prevented 
further penetration and nucleophilic attack of 2-aminotetrephthalic acid 
on remaining MXene precursors. It was noted that the BET surface area 

and total pore volume of NH2-MIL-125 powders prepared with MXene as 
Ti source were much lower than those prepared with layered TiS2 and 
TPOT as Ti sources (Fig. S5 and Table S1) due to the incomplete con-
version of MXene and the existence of other solid by-products, which 
may negatively affect the gas separation performance of the corre-
sponding membranes. It was therefore anticipated that slower Ti 
dissolution rate of MXene in comparison of TPOT and TiS2 may enable 
us to precisely control growth kinetics and therefore, microstructure of 
NH2-MIL-125 membranes. 

Aiming at tuning their microstructure towards optimized separation 
performance, in this study, NH2-MIL-125 membranes with diverse mi-
crostructures were prepared by combining different Ti sources with 
different heating modes for balancing the dissolution rate of Ti sources 
and epitaxial growth rate of NH2-MIL-125 seed layers as shown in Fig. 3. 
Moreover, the relationship between microstructure and separation 
performance of NH2-MIL-125 membranes was systematically 
investigated. 

3.2.2. The use of TPOT as Ti source under different heating modes 
With TPOT as the Ti source, herein NH2-MIL-125 membranes were 

synthesized using different synthetic protocols. As shown in Fig. 4, after 
solvothermal epitaxial growth, spherical NH2-MIL-125 seeds had 
evolved into column-shaped crystals with varying grain size, regardless 
of the heating mode employed. XRD patterns further indicated that all 
membranes indeed belonged to pure NH2-MIL-125 phase (Fig. 5). 
Moreover, NH2-MIL-125 crystals preferentially arranged with the largest 
facets perpendicular to the substrate surface. Cross-sectional SEM im-
ages further demonstrated that prepared NH2-MIL-125 membranes were 
well-intergrown. It was worth noticing that although there existed some 
visible gaps on top of the prepared NH2-MIL-125 membranes, however, 
as observed from cross-sectional SEM images, the bottom section of 
prepared NH2-MIL-125 membranes remained well-intergrown. To 
obtain a more quantitative understanding of the effect of heating modes 
on the microstructure of NH2-MIL-125 membranes, herein the grain size 
along the c-axis (Lc) and aspect ratio (Lc/La) of NH2-MIL-125 crystals in 
membranes were further calculated based on the premise that the grain 
size of NH2-MIL-125 crystals along the a- and b-axis was identical and 
equivalent to the membrane thickness. Lc/La values of C-TPOT, MM- 
TPOT and SM-TPOT membranes were calculated to be 0.21, 0.27 and 

Fig. 3. Schematic diagram for solvothermal epitaxial growth of NH2-MIL-125 seed layer (red spheres: Ti4+ ions). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. Surface and cross-sectional SEM images of NH2-MIL-125 membranes synthesized using TPOT as Ti source under different heating modes: (a, d) C-TPOT, (b, e) 
MM-TPOT and (c, f) SM-TPOT. Scale bar: 2 μm. 

Fig. 5. XRD patterns of NH2-MIL-125 membranes synthesized using TPOT as Ti 
source under different heating modes: (a) C-TPOT, (b) MM-TPOT and (c) 
SM-TPOT. 

Fig. 6. Separation factors of equimolar H2/CO2 gas mixtures (■) and H2 per-
meance (□) of prepared NH2-MIL-125 membranes using TPOT as Ti source 
under different heating modes. 
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0.30, respectively. Simultaneously, the Lc value of NH2-MIL-125 grains 
in SM-TPOT membrane was the largest (0.5 μm). Above results revealed 
that the use of single-mode microwave reactor remarkably enhanced the 

Fig. 7. Surface and cross-sectional SEM images of NH2-MIL-125 membranes synthesized using TiS2 as Ti source under three heating modes: (a, d) C–TiS2, (b, e) MM- 
TiS2 and (c, f) SM-TiS2. Scale bar: 2 μm. 

Fig. 8. XRD patterns of NH2-MIL-125 membranes synthesized using TiS2 as Ti 
source under different heating modes: (a) C–TiS2, (b) MM-TiS2 and (c) SM-TiS2. 

Fig. 9. Separation factors of equimolar H2/CO2 gas mixtures (■) and H2 per-
meance (□) of prepared NH2-MIL-125 membranes using TiS2 as Ti source under 
different heating modes. 
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growth rate of NH2-MIL-125 seeds along the c-axis, probably owing to 
high intensity and uniformity of microwave field [39–41]. Since 
neighboring NH2-MIL-125 grains were tightly packed together along the 
largest facets, it was hypothesized that single-mode microwave heating 
was more favorable for eliminating grain boundary defects/triangular 
pinholes and enhancing gas separation performances of NH2-MIL-125 
membranes. In the next step, the gas permeation test was conducted on 
prepared NH2-MIL-125 membranes by feeding equimolecular H2/CO2 
gas pair through prepared membranes in a home-made Wick-
e-Kallenbach module under atmospheric pressure at 30 ◦C. Our results 
showed that SF of the H2/CO2 on C-TPOT, MM-TPOT and SM-TPOT 
membranes reached 6.4, 8.2 and 10.5, respectively, which well excee-
ded corresponding Knudsen diffusion coefficient (4.7) therefore 
demonstrating that molecular sieving mechanism indeed dominated the 
separation process (Fig. 6). Particularly, SF of the H2/CO2 on SM-TPOT 
membranes not only was the highest (10.5) but also exceeded the 2008 
Robeson’s “upper-bound” line implying that there existed fewer defects 
due to a faster growth rate along the c-axis. 

3.2.3. The use of TiS2 as Ti source under different heating modes 
It was found that layered TiS2 dissolved in the solution more slowly 

compared with TPOT under solvothermal conditions in our previous 
work [42]. Therefore, the microstructure of NH2-MIL-125 membranes 

could be more precisely controlled. SEM images of NH2-MIL-125 
membranes synthesized from layered TiS2 precursors under different 
heating modes were shown in Fig. 7. It was observed that the heating 
mode exerted an important influence on the microstructure of 
NH2-MIL-125 membranes. Prepared C–TiS2 membrane (Fig. 7a, d) 
exhibited lower Lc/La value (0.16); moreover, the Lc value (0.16 μm) 
was only slightly increased in the case of conventional solvothermal 
epitaxial growth. The large morphological discrepancy between C–TiS2 
membrane and C-TPOT membrane could be attributed to the much 
slower dissolution rate of TiS2 precursor under conventional sol-
vothermal conditions. In contrast, NH2-MIL-125 seeds not only rarely 
grew up but also easily peeled off from the substrate under multi-mode 
microwave heating (shown in Fig. 7b, e). Employing multi-mode mi-
crowave heating resulted in limited dissolution of layered TiS2 pre-
cursors due to low intensity of microwave field and a short-duration 
heating. Lower conversion rate of the layered TiS2 precursor could be 
further confirmed by the observation of substantial dark green sedi-
ments at the bottom of the vessel after solvothermal epitaxial growth. 
On the contrary, the use of single-mode microwave heating resulted in 
the formation of well-intergrown NH2-MIL-125 membranes (Fig. 7c, f) 
with both higher Lc/La (0.43) and Lc values (0.52 μm) due to the suf-
ficient supply of nutrients. Apparently, the much higher intensity of 
single-mode microwave field resulted in much faster dissolution of 

Fig. 10. Surface and cross-sectional SEM images of NH2-MIL-125 membranes synthesized using MXene as Ti source under different heating modes: (a, d) C-MXene, 
(b, e) MM-MXene and (c, f) SM-MXene. Scale bar: 2 μm. 
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layered TiS2 precursor, which could be further confirmed by the com-
plete disappearance of dark green sediments at the bottom of the vessel 
after solvothermal epitaxial growth. It was noted that employing 
single-mode microwave heating significantly enhanced the growth rate 
along the c-axis, which was favorable for reducing potential grain 
boundary defects. XRD patterns further indicated that all membranes 
indeed belonged to pure NH2-MIL-125 phase (Fig. 8). As shown in Fig. 9, 
gas permeation test indicated that SF of the H2/CO2 on SM-TiS2 mem-
brane reached 17.2, which was significantly higher than those of C–TiS2 
membrane (7.0) and MM-TiS2 membrane (2.3). Moreover, it was found 
that H2/CO2 selectivity of SM-TiS2 membrane reported in this study was 
remarkably higher than that of other neat randomly oriented 
NH2-MIL-125 membranes measured under similar operating conditions 
(Table S2), and all SM-series membranes easily exceeded the 2008 
Robeson upper-bound line for the H2/CO2 gas pair (Fig. S6). Prepared 
SM-TiS2 membrane also exhibited excellent long-term operational sta-
bility (Fig. S7). 

EDS results (Fig. S8) showed that there existed a sharp boundary 
between the NH2-MIL-125 layer and porous α-Al2O3 substrate 

underneath, implying that prepared SM-TiS2 membrane did not infil-
trate deep into substrate pores, which was quite beneficial to reduce the 
diffusion resistance in SM-TiS2 membrane. The adhesion strength of 
prepared SM-TiS2 membrane was further evaluated by sonicating in 
distilled water for 30 min. As shown in Fig. S9, prepared membrane 
remained intact, which vividly demonstrated that prepared SM-TiS2 
membrane exhibited high mechanical stability. 

3.2.4. The use of MXene as Ti source under different heating modes 
As mentioned above, compared with TiS2 and TPOT, MXene 

exhibited higher chemical stability under solvothermal conditions due 
to the higher Ti–C bonding strength. Slower dissolution rate of MXene 
precursors may exert significant influence on the membrane micro-
structure. Morphologies of NH2-MIL-125 membranes prepared with 
MXene as Ti source under different heating modes were shown in 
Fig. 10. Similar to the use of TiS2 precursor, Lc and Lc/La values of C- 
MXene membranes reached 0.08 μm and 0.13 by employing conven-
tional solvothermal growth, while NH2-MIL-125 seeds rarely grew up 
under multi-mode microwave heating (Fig. 10b, e). In comparison, the 
use of single-mode microwave heating resulted in the formation of well- 
intergrown SM-MXene membranes with both higher Lc/La (0.2) and Lc 
(0.2 μm) values (Fig. 10c, f). Such discrepancy in surface morphology 
could be attributed to a pronounced non-thermal effect of single-mode 
microwave heating which significantly accelerated dissolution of 
MXene source [44]. Corresponding XRD patterns (Fig. 11) further 
indicated that all prepared membranes indeed belonged to pure 
NH2-MIL-125 phase. 

Gas permeation results on NH2-MIL-125 membranes prepared with 
MXene as the Ti source under different heating modes were shown in 
Fig. 12. It was noted that SF of the H2/CO2 on SM-MXene membranes 
was the highest (8.0) in comparison with other membranes, which 
indicated that the use of single-mode microwave heating was indeed 
beneficial for decreasing grain boundary defects by promoting the 
growth rate along the c-axis. 

It was noteworthy that although the slow dissolution rate of MXene 
precursors disfavored the formation of well-intergrown NH2-MIL-125 
membranes, SF of the H2/CO2 on SM-MXene membranes remained 
higher than the Knudsen diffusion coefficient, which indicated that 
MXene could serve as competent Ti source of NH2-MIL-125 membranes 
with decent performance. It should be noted that this represented the 
first report on the use of MXene as metal sources of MOF membranes. 

Fig. 11. XRD patterns of NH2-MIL-125 membranes synthesized using MXene as 
Ti source under different heating modes: (a) C-MXene, (b) MM-MXene and (c) 
SM-MXene. 

Fig. 12. Separation factors of equimolar H2/CO2 gas mixtures (■) and H2 
permeance (□) of prepared NH2-MIL-125 membranes using MXene as Ti 
sources under three heating modes. 

Fig. 13. The relationship between morphology of NH2-MIL-125 grains and SF 
of H2/CO2 gas pair on NH2-MIL-125 membranes with MXene (▾), TPOT (□) 
and TiS2 (■) as Ti sources, respectively (Red ones represents epitaxial growth 
under single-mode microwave heating). Error bars show the SD of permse-
lectivity obtained from three samples per membrane type. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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3.3. Structure-performance relationship 

Based on the above results, we concluded that microstructures of 
NH2-MIL-125 membranes, which exerted significant influence on their 
separation performance, could be flexibly tuned by combining different 
Ti sources and heating modes during solvothermal epitaxial growth. As 
summarized in Fig. 13, in the case of identical Ti sources, increasing 
both Lc and Lc/La values of NH2-MIL-125 grains generally resulted in 
higher SF of the H2/CO2, which could be attributed to better intergrowth 
between neighboring grains and reduced grain boundary defects/ 
triangular pinholes [45]. Moreover, it was noted that irrespective of Ti 
source employed, employing single-mode microwave heating generally 
resulted in both higher Lc and Lc/La values of NH2-MIL-125 membranes 
and therefore higher SF of the H2/CO2 gas pair. This could be ascribed to 
enhanced dissolution rate of Ti sources and unique bottleneck effect 
upon exposure to high intensity single-mode microwave heating [43, 
46]. Particularly, it was observed that the highest SF of the H2/CO2 gas 
pair was obtained in the case that TiS2 was used as Ti source under 
single-mode microwave heating. This could be ascribed to a better 
coupling effect between enhanced dissolution rate of layered TiS2 and 
nucleation-related bottleneck effect, which effectively avoided excessive 
consumption of nutrients in the bulk solution. In contrast, the use of 
TPOT as metal source resulted in much higher dissolution rate and 
therefore, excessive bulk nucleation even under single-mode microwave 
heating. As a result, nutrients were over-consumed and the driving force 
for epitaxial growth became insufficient; while the dissolution rate of 
MXene remained too slow even under single-mode microwave heating, 
which severely hampered the formation of well-intergrown 
NH2-MIL-125 membranes. 

4. Conclusions 

Herein a systematic study was conducted to elucidate the influence 
of Ti sources and heating modes on microstructures and separation 
performances of NH2-MIL-125 membranes. It was found that increasing 
Lc and Lc/La values was beneficial for enhancing SF of the H2/CO2 gas 
pair, owing to a better intergrowth between neighboring grains and 
reduced grain boundary defects/triangular pinholes. Moreover, the use 
of single-mode microwave heating generally resulted in higher SF of the 
H2/CO2, owing to the enhanced dissolution rate of Ti sources and 
reinforced bottleneck effect. The highest SF of the H2/CO2 was obtained 
by combining layered TiS2 precursor with single-mode microwave 
heating perhaps due to a better coupling effect between dissolution rate 
of layered TiS2 precursor and nucleation-related bottleneck effect. This 
work highlights the importance and significance of extending the syn-
thetic toolbox in microstructural optimization and performance 
enhancement of MOF membranes. 
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