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ABSTRACT: In this study, layered TiS;, a kind of transition-metal
trichalcogenide, was applied as the titanium source of NH,-MIL-
125 during single-mode microwave-assisted secondary growth.
Because of the appropriate Ti—S bond intensity and stability of
TiS;, the solvothermal reaction could be conducted under milder
reaction conditions, resulting in the formation of a twin-free,
highly c-oriented ultrathin NH,-MIL-125(Ti) membrane. This
membrane exhibited exceptional H, permeance while maintaining

high H, permselectivity.

etal—organic frameworks (MOF) exhibit tremen-
l\ /I dous potential for membrane-based separation,
owing to the designable structures and tunable
properties." Nevertheless, membrane materials are generally
constrained by the trade-off between permselectivity and
permeability.” Microstructure manipulation has therefore
become indispensable for polycrystalline MOF membranes to
conquer the upper bound limit.> Among all the microstructural
factors, it has been proven that the preferred orientation had a
profound impact on gas permeation behavior through
regulating the diffusion pathway and grain boundary defect
density.* For instance, we found that maintaining the preferred
c-orientation was beneficial for improving the H, permselec-
tivity of the well-intergrown NH,-MIL-125(Ti) membrane,
owing to drastically decreased intercrystalline defects,” while
simultaneous control of three-dimensional orientations of the
NH,-UiO-66 membrane resulted in concurrent enhancement
of H,/CO, permselectivity and H, permeability in comparison
with their randomly or merely out-of-plane orientated
counterparts.6
Oriented secondary growth has been considered as a
practical approach for preparing highly oriented MOF
membranes involving the oriented seed layer deposition and
then in-plane secondary growth.” In terms of orientation
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control, effective suppression of undesired twin generation
with no compromise in in-plane intergrowth has proven to be
of vital importance in the process of secondary growth.

As mentioned above, a high-performance NH,-MIL-125(Ti)
membrane was successfully fabricated in our recent study.
After depositing a closely packed seed monolayer with the
facile ALIAS method, solvothermal epitaxial growth was
employed to elimanate the open space remaining in the seed
layer. It was found that using layered TiS, was indispensable
for effective twin suppression, therefore fabricating the relevant
membrane showing the desired microstructure. Because of
weak van der Waals forces as well as relatively hight Ti—S bond
strength, layered TiS, was susceptible to nucleophilic attack by
NH,—BDC ligands under harsh solvothermal conditions so
that titanium species were released to the bulk solution slowly,
which contributed to nucleation retardation in the bulk
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solution and, therefore, effective twin suppression on the
membrane surface.

Besides preferred orientation control, thickness reduction
represents another reliable approach for decreasing the
diffusion barrier and, therefore, increasing gas permeance of
MOF membranes.” Conducting the reaction under mild
conditions in a short period of time has proven to be effective
for concurrently reducing membrane thickness and improving
the preferred orientation of MOF membranes. Nevertheless,
carrying out secondary growth under the aforementioned
conditions commonly led to insufficient in-plane intergrowth
between neighboring seeds and, therefore, high grain boundary
defect density. With NH,-MIL-125(Ti), a promising candidate
for membrane-based CO, separation, as an example, our recent
study indicated that in comparison with the conventional
solvothermal approach, employing single-mode microwave-
assisted heating enabled the significant reduction of reaction
time so that undesired twin growth was effectively suppressed.
As a result, a 500-nm-thick NH,-MIL-125(Ti) membrane
exhibiting c-preferred orientation was successfully fabricated.
Nevertheless, maintaining a high reaction temperature
remained necessary for ensuring membrane continuity. Mild
fabrication of a thinner NH,-MIL-125(Ti) membrane showing
a higher degree of c-preferred orientation with no compromise
in continuity is thus highly desired.

Herein, we sought to prepare NH,-MIL-125(Ti) mem-
branes with superior microstructure under milder reaction
conditions in short reaction duration by an innovative titanium
source. Transition-metal trichalcogenides (TMTCs) with the
formula TX; (T represents transition metals and X represents
chalcogens) have shown great potential in field-effect
transistors and photodetectors based on their unusual ground
states and collective-mode electronic transport.” Their
potential as a metal source, however, has not been explored
yet. Compared with their structural analogs, i.e.,, TMDCs, the
M-—X bond strength concerning the chemical stability should
be different in view of their structural discrepancy. Herein, we
compared their structural discrepancy by taking examples of
TMDC TiS, and TMTC TiS;. As shown in Figure 1, TiS;
crystallizes in space group P2,/m of the monoclinic system and
per unit cell is composed of two twisted prisms, parallel chains
of triangular prisms bonded along the crystallographic a- ax15
forming sheets held together by van der Waals forces.'’
Different from TiS,, there are two different kinds of S atoms
within the TiS; framework, the sulfur atom serving as a bridge
connected by two bridge titanium atoms and the remaining
sulfur—sulfur pair bonded to a single titanium atom, forming
four kinds of Ti—S bonds with lengths of 2.46, 2.49, 2.49, and
2.63 A, respectively, all of which are longer than the Ti—$
bond (2.43 A) in TiS,."" The formation energies of TiS, and
TiS; were further calculated based on density functional theory
(DFT),"” and detailed computational results can be found in
Table S1. Relevant caculation results indicated that TiS, had
higher stability compared with TiS;, since the formation energy
of TiS; (0.978 eV) was much lower than that of TiS, (1.272
eV). We therefore deduced that, compared with TiS,, TiS;
should be more prone to nucleophilic attack by NH,—BDC
ligands under solvothermal conditions so that titanium species
could be released to precursor solution under milder reaction
conditions, thereby warranting the growth of thinner
membrane as shown in Figure 1d.

Initially, we verified the feasibility for converting TiS; into
NH,-MIL-125(Ti) via solvothermal treatment. Layered TiS;,
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Figure 1. (a) Layered TiS; structure illustration. (b) Single unit
cell of layered TiS; (structure models are produced using VESTA).
(c) Structural parameters of TiS;. (d) Schematic illustration of the
formation of the twin-free ultrathin NH,-MIL-125(Ti) membranes
exhibiting c-preferred orientation using TiS; as the titanium
precursor.

which was prepared via a conventional solid-state reaction
method with Ti and S elements in the molar ratio of 1:3.2
sealed in evacuated quartz tubes, exhibited the typical ribbon-
like morphology without any detected impurities (Figure S1).
As shown in Figure 2a, solvothermal treatment at 160 °C for
96 h led to complete consumption of the TiS; source and the
formation of aggregated truncated bipyramid-shaped NH,-
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Figure 2. (a) Morphology of NH,-MIL-125(Ti) powders derived
from TiS;. (b) XRD patterns of (i) simulated and (ii) prepared
NH,-MIL-125(Ti) powders, respectively. (c) FT-IR spectrum and
(d) textural properties of prepared NH,-MIL-125(Ti) powders.
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MIL-125(Ti) powders with high crystallinity as evidenced by
relevant XRD pattern (Figure 2b). FT-IR spectra of the
prepared sample (Figure 2c) showed characteristic NH,-MIL-
125(Ti) vibration peaks."” To be specific, the peak at 1248
cm™" was ascribed to the C—N stretching vibration from the
aromatic amine, the vibration bands located between 800—
1200 cm ™" could be attributed to benzene ring characteristic
vibration, and the O—Ti—O vibration fell between 400 and
800 cm™'. We studied the textural properties of TiS;-derived
NH,-MIL-125(Ti) with nitrogen adsorption—desorption
measurements. A typical type I adsorption isotherm was
observed with decent surface areas (917 m”/g) and total pore
volumes (0.53 cm?/g), which was similar to NH,-MIL-125(Ti)
synthesized with other titanium sources (Figure 2d)."* The
above results demonstrated that layered TiS; was a promising
titanium source of NH,-MIL-125 (Ti) without any com-
promise in crystallinity and porosity. It should be noted that
owing to a decent Ti—S bonding strength, TiS; could be
completely converted to NH,-MIL-125(Ti) at lower reaction
temperature (130 °C, shown in Figure S2); in contrast, the
minimum temperature required for complete conversion of
TiS, source reached 150 °C."’

The NH,-MIL-125(Ti) membrane with desired micro-
structure was prepared as follows: Initially, the seed monolayer
was obtained by self-assembling uniform NH,-MIL-125(Ti)
crystals with a disk-like shape (Figure $3).'> As shown in
Figure 3a, a ~200-nm-thick seed layer was evenly deposited on

a b

Figure 3. Morphology of (a) prepared NH,-MIL-125(Ti) seed
monolayer. (b) Top and (c) cross-section views of prepared NH,-
MIL-125(Ti) membranes obtained by conducting the reaction at
130 °C under single mode microwave heating. (d) EDXS mapping
of Ti (color code: green) and Al (color code: blue) distributions at
the cross-section of the NH,-MIL-125(Ti) membrane.

the substrate surface (Figures 3a, S4). The XRD pattern
showed that diffraction peaks assigned to (002), (004), and
(008) planes were clearly visible (Figure 4b), confirming that
the seed layer was dominantly c-oriented.

Subsequently, secondary growth was carried out on the c-
oriented NH,-MIL-125(Ti) seed layer. Nevertheless, it
remained very challenging to suppress the undesired twin
growth while simultaneously maintaining in-plane epitaxial
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Figure 4. XRD patterns of relevant NH,-MIL-125(Ti) (a) powders,
(b) seed layers, and (c) membranes.
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growth under conventional convective heating even under
optimized synthetic conditions, owing to the high bulk
nucleation rate of NH,-MIL-125(Ti) and inferior rate of
growth along the in-plane direction. Our recent study indicated
that through combining single-mode microwave-assisted
heating with a TiS, source, we could prepare a well-intergrown
and preferentially c-oriented 500-nm-thick NH,-MIL-125(Ti)
membrane. Instead of TiS,, herein TiS; served as the titanium
source. Our experimental results indicated that the NH,-MIL-
125(Ti) membrane with superior microstructure could be
readily prepared under milder reaction conditions (at 130 °C
within 10 min) by using single-mode microwave-assisted
heating. As shown in Figure 3b, a twin-free NH,-MIL-125(Ti)
membrane was obtained after secondary growth. Figure 3c
confirmed that the membrane thickness was only 380 nm
(Figure 3c), which was by far the thinnest membrane of the
same type. Moreover, we found that the seed layer thickness
exerted a profound effect on the membrane thickness. For
instance, by using a ~0.5-pm-thick seed layer, the thickness of
the obtained NH,-MIL-125(Ti) membrane increased to ~800
nm (Figure SS). In addition, a clear interface between the
NH,-MIL-125(Ti) layer and the porous substrate was
observed on the cross-sectional EDX mapping image (Figure
3d), indicating that the NH,-MIL-125(Ti) membrane was only
located on the substrate surface. Corresponding XRD data
(Figure 4) showed (002), (004), and (008) characteristic
peaks, which unambiguously confirmed that the membrane
above remained dominantly oriented.

The lower reaction temperature required to form the NH,-
MIL-125(Ti) membrane with desired microstructure using
TiS; as the titanium source could be ascribed to the weaker
Ti—S bond strength, which enabled homogeneous release of a
sufficient amount of titanjum species under milder conditions.
In contrast, with TiS, as the titanium source, the solvothermal
reaction had to be conducted at temperatures no lower than
150 °C in order to release an equivalent amount of titanium
species to sustain the desired growth rate of the seed layer
(Figure S6). Along with decreased temperature, the rate of
bulk nucleation and growth of NH,-MIL-125(Ti) was
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significantly decreased, resulting in a S-fold decrease of twin
density compared with that prepared with TiS, as the titanium
source (Figure S7). In addition to twin suppression, the use of
the TiS; source also significantly promoted the growth rate
along the in-plane direction. According to the calculations, the
relative in-plane epitaxial growth rate (v;/v,) of the seed layer
using the TiS; source was approximately three times higher
than that using the TiS, source (Table S2), thereby leading to
a thinner NH,-MIL-125(Ti) membrane without any com-
promise in continuity.

In addition, the influence of the secondary growth
temperature on the final microstructure of the membrane
using the TiS; source was further investigated. It was found
that maintaining the reaction temperature at 130 °C was
indispensable for the desired microstructure (Figure S8).
Lowering the reaction temperature to 120 °C led to poor
intergrowth between adjacent seeds, while increasing the
reaction temperature to 150 °C inevitably increased membrane
thickness. Simultaneously, the prepared membrane could not
maintain a comparable degree of preferred c-orientation as
evidenced by the corresponding XRD pattern (Figure S9).
This could largely be attributed to excessive nucleation in the
bulk solution at the higher temperature. Moreover, the solids
that sedimented at the bottom of the vessels after the reaction
at different temperatures were analyzed. As confirmed by XRD
patterns (Figure S11), we found that characteristic peaks of
TiS, still existed while no NH,-MIL-125(Ti) phase appeared
after solvothermal treatment under 130 °C, thereby implying
effective prevention of the bulk nucleation. In contrast, in the
case that the reaction temperature increased to 150 °C, not
only was the crystalline structure of TiS; particles severely
damaged, but substantial yellow particles, i.e, NH,-MIL-
125(Ti) powders, were formed in the reaction medium
simultaneously (Figures S10, S11), which inevitably led to
the generation of substantial twin crystals.

Finally, a gas permeation test was performed on a Wicke—
Kallenbach setup (Figure S12). As shown in Figure 5, the H,
permeance was much higher than that of other larger gas
molecules, owing to the much higher diffusion coefficient of
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Figure 5. Permeance of single gases through prepared NH,-MIL-
125(Ti) membrane under ambient conditions (the inset shows
detailed results of selectivity).
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the former through the membrane. The ideal H,/CO,, H,/N,,
and H,/CH, selectivity attained 13.5, 10.1, and 10.9,
respectively (Table S3). Figure S13 indicated that the
separation performance of the membranes toward the H,/
CO, gas pair easily exceeded the Robeson 2008 upper-bound
limits for polymer membranes. In particular, we noted that the
H, permeance (840 GPU) was the highest in comparison with
all other neat NH,-MIL-125(Ti) membranes (Table $4),>'°
demonstrating the significance of the concurrent preferred
orientation and thickness control in their separation perform-
ance enhancement. Compared with other 6 A pore-sized
molecular sieve membranes, our membrane exhibited com-
parable H, permeance and H,/CO, selectivity, although their
overall H,/CO, separation performances may be lower than
those of some small pore-sized MOF membranes which were
intrinsically more H,/CO, selective (Table S5).

It was worth noting that a higher number of missing linkers
per Ti-oxo cluster within the framework was caused by using
the TiS; source, as confirmed by the TGA and N, adsorption/
desorption results (Figures S14, S15). Accordingly, TiS;-
derived NH,-MIL-125(Ti) exhibited higher CO, uptake (3.2
mmol g, shown in Figure S16) in comparion with TiS,-
derived NH,-MIL-125(Ti), which in turn promoted faster
diffusion of CO, molecules through the membrane; simulta-
neously, TiS;-derived NH,-MIL-125(Ti) exhibited wider pore
aperture distribution. Figure S1Sb indicated that the pore
aperture of TiS;-derived NH,-MIL-125(Ti) was centered at
~5.8 A and ~8 A, respectively, which were both larger than
that of the TiS,-derived counterpart (~5.6 A). Pore aperture
expansion inevitably weakened the molecular sieving ability of
the membrane. As a result, the prepared membrane exhibited
decent permselectivity toward the H,/CO, gas pair.

To summarize, with novel TMTCs (e.g, TiS;) as a titanium
source, herein we successfully prepared qualified NH,-MIL-
125(Ti) by treatment with a NH,—BDC containing solution
under solvothermal conditions. Moreover, through combining
the TiS; source with single-mode microwave-assisted heating, a
twin-free and ultrathin NH,-MIL-125(Ti) membrane showing
c-preferred orientation could be prepared under much milder
reaction conditions, owing to the weaker Ti—S bond strength
compared with that of TiS,. It was noteworthy that employing
TiS; as the titanium source effectively suppressed the
generation of twins and promoted growth of the seed layer
along the in-plane direction, thereby leading to reduced
membrane thickness. Prepared membranes displayed excep-
tional H, permeance and high permselectivity towatds the H,/
CO, gas pair. It is expected that TMTCs could serve as a
competitive metal precusor for the controllable synthesis and
microstructure manipulation of various MOF membranes.
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