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13 ABSTRACT: Synthesis of nanoscale metal—organic
14 frameworks (MOFs) is a highly challenging task because
15 conventional soluble metal salt precursors are not easy to
16  manipulate spatially, thus normally leading to bulk MOFs.
17 In the present work, V,CT, MXene is demonstrated for
18 the first time as a metal precursor to fabricate two-
19 dimensional (2D) MOF nanosheets, whose thickness (6
20 to 18 nm) can be tuned by varying the reaction
21 temperature. The highly electronegative surface atoms of
22 MXene and sufficient accessible attacking sites for ligands
23 are responsible for the evolution of 2D MOF nanosheets.
24 Moreover, highly oriented and smooth MOF thin films
25 have been grown based on these nanosheets using a
26 convenient spin coating process. With the impregnation of
27 nonvolatile H;PO,, the MOF thin film exhibits a proton-
28 conducting property. This study demonstrates that high-
29 quality 2D MOF sheets and thin films are enabled by 2D
30 MXene precursors. We believe that the high-quality MOF
31 films prepared in this study pave the way for many device
32 applications.

33 M etal—organic frameworks (MOFs) have attracted
34 enormous attention in versatile research fields such as
35 gas storage/separation, sensing, catalysis, etc., thanks to their
36 inherent porosity, large surface area, and numerous structural
37 and chemical tunability.'~> However, manipulating conven-
3g tional bulk MOFs into 2D nanosheets and thin-film form is
39 very challenging, but extremely significant. This is because such
40 MOF morphologies can enable new applications in electronics,
In pursuit of MOF
4 thin films, layer-by-layer and Langmuir—Blodgett techniques

. A
41 sensors, and other device applications.

43 have been developed.>™"* Yet, these protocols require specific
44 surface topologies and/or interfaces, specialized equipment,
45 and skilled multistep operations, which severely restrict their
46 large-scale practical applications.">™"” Alternatively, tailoring
47 MOFs themselves into the nanoscale with controlled growth

48 dimensionalities (e.g., two-dimensional, 2D) and architectures

v ACS Publications  © xxxx American Chemical Society

is highly desirable, as they, beyond the bulk MOFs, could meet 49
the specific requirements to those areas.'®™*’ 50

In general, MOFs are constructed by coordination reactions s1
between soluble inorganic metal salts (e.g., nitrates, chlorides, s2
and acetates) and organic ligands in polar solvents.””*” s3
However, using conventional MOF synthesis methods, one s4
typically has little control over the construction of MOFs with ss
the desired dimensionality. In pursuit of the well-defined s¢
geometrical shape of MOF crystals, eco-friendly and cost- s7
effective insoluble metal precursors (e.g., metals, metal oxides/ ss
hydroxides) have been developed.28734 Among them, some are so
used as hard templates while some serve simultaneously as 6o
sacrificial templates where the parental features could be 6
readily inherited. Yet, the hard template approach is restricted 2
in wide utilization due to the fact that the precursors are 63
normally anchored on substrates. In addition, incomplete 64
conversion of metal residuals has been observed, leading to s
inseparable MOF/metal composite species.”* Recently, Moran 66
and coauthors have demonstrated an insoluble metal carbide 67
(AL,C;) precursor to prepare needle-like MIL-S3 (Al) MOF s
crystals.”” However, the low surface area of the bulk precursor 69
provided limited accessible sites to spatially control the 70
nucleation to form mesoscopic architectures. 71

MZXenes are an emerging group of 2D laminated inorganic 72
transition metal carbides, nitrides, or carbonitrides with a 73
general formula of M,,,;X, T, (n = 1-3), where M represents 74
early transition metals (e.g., Ti, V, etc.), X is C and/or N, and 75
T, is surface terminations (—F, —0, and —OH).*>™*’ To date, 7
over 30 MXenes with wide chemical and structural varieties 77
have been synthesized.”® Notably, the terminal atoms on the 7s
surface of MXene, having low work function and high 79
electronegativity,”” enable them to be strong electron accept- so
ors, which is beneficial for the deprotonation of organic ligands s1
and thus the subsequent bridging with the underlying metal sz
atoms. Meanwhile, the sufficient accessible surfaces of the s3
atomically thin 2D MXene could provide adequate attack sites 84
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Figure 1. Scheme showing the preparation of (a) V,CT, MXene, and (b) V,CT, MXene-derived MOF (V,CT,-PMOF).

8s for the protonated ligands, which could accelerate the reaction
86 while preserving the underlying 2D topology.

87 Herein, we have demonstrated for the first time that MXene
88 can be employed as a metal source for the synthesis of MOFs.
89 As a proof-of-concept, using V,CT, MXene and H,TCPP
90 (H,TCPP = meso-tetra(4-carboxyl-phenyl) porphyrin) ligand,
91 a novel MOF with a 2D nanosheet morphology (V-PMOF, an
92 analog of AL-PMOF)* was obtained. The V,CT, MXene was
93 synthesized first by etching Al layers followed with a
94 delamination procedure by TMAOH (TMAOH = tetramethyl-
95 ammonium hydroxide) intercalation (Figure 1a). Then, a facile
96 solvothermal method was employed to convert the V,CT,
97 MXene and H,TCPP into V-PMOF (Figure 1b). The
98 H,TCPP ligand was selected because it contains a large planar
99 aromatic ring, which may show good topology compatibility
100 with the 2D MZXene. Moreover, the protons of carboxylic
101 groups could provide attacking sites for binding the surface
102 atoms of MXene. Additionally, N atoms embraced by the
103 porphyrin core could serve as acceptors of hydrogen bonds to
104 bridge guest molecules (e.g., nonvolatile H;PO,), which could
105 afford MOFs with proton-conducting properties.”’ Delight-
106 fully, the as-prepared V,CT,-PMOF nanosheet could readily
107 stack to form oriented thin films simply by spin coating. Such
108 MOF thin films with guest acid dopants showed proton
109 conductivity, which makes them promising in thin-film
110 electronic, photonic, and sensor devices. ™%

11 A typical accordion-like nanostructure is observed after
112 etching the Al layers out of the densely packed MAX phase
113 (VLAIC)," as depicted in the scanning electron microscopy
114 (SEM) images (Figure S1). The X-ray diffraction (XRD)
115 pattern of MXene indicates a layered feature after delamination
116 (Figure 2a), in accordance with the previous results."® The
117 corresponding interlayer spacing is ~1.21 nm, which is much
118 higher than its parental MAX parent phase (~0.65 nm),
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Figure 2. Characterizations of V,CT, MXene. (a) XRD patterns. (b—
d) TEM, HRTEM images, and fast Fourier transform (FFT) pattern,
respectively. (e) EDX mapping. (f) AFM image and height profile. (g)
XPS spectra.

demonstrating the successful synthesis of 2D MXene. A 119
transmission electron microscopy (TEM) image reveals an 120
ultrathin sheet-like morphology (Figure 2b). A high-resolution 121
TEM (HRTEM) image and corresponding fast Fourier 122
transform (FFT) pattern display the hexagonal symmetry of 123
MXene, perpendicular to the (0010) planes (Figure 2c,d). 124
Additionally, energy-dispersive X-ray (EDX) elemental map- 125
ping manifested that all elements are distributed homoge- 126
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Figure 3. Characterizations of MOFs. (a) XRD patterns of V,CT, MXene, VOSO,, and Vanadium acetate-derived PMOFs (denoted as V,CT,-
PMOF, VOSO,-PMOF, and V-ace-PMOF, respectively) and simulated result. (b) N, isotherms of V,CT,-PMOF and V-ace-PMOF. (c) SEM
image of V,CT,-PMOF. (d) AFM image and height profiles of V,CT,-PMOF (150 °C). (e, f) SEM images of VOSO,-PMOF and V-ace-PMOF,
respectively. (g) XPS spectra of V,CT,-PMOF. (h) TEM image of V,CT,-PMOF. Inset, FFT pattern. (i) Processed HRTEM images by real-space
averaging (upper) and simulated results (down) of V,CT,-PMOF. The simulation conditions are —405 nm, +220 nm, and +140 nm defocus (left

to right), respectively.

neously in the nanosheets (Figure 2e). The thickness of the
nanosheets detected by atomic force microscopy (AFM) is
around 1.2 nm, implying the formation of V,CT, monolayers
(Figure 2f). High-resolution X-ray photoelectron spectroscopy
(XPS) analysis of MXene was performed to investigate the
terminal atomic bonding (Figure 2g and Figure S2), where the
atomic ratio of V (45.9%) to C (21.7%) is close to 2, which is
in agreement with the stoichiometric proportion of V,CT,.
Quantitative terminal O (16.8%) and F (15.7%) atoms were
further verified in the V,CT, MXene."’™*

The feasibility of using V,CT, MXene as metal sources to
synthesize MOFs was tested via the solvothermal reaction with
H,TCPP and is confirmed by XRD (Figure 3a). Both the
V,CT, MXene and other soluble metal salts (VOSO, and
vanadium acetate)-derived powders show excellent agreement
with the simulated result.”” This is also applied to other
carboxyl acid containing ligands (e.g., terephthalic acid, Figure
S3), suggesting the universality of V,CT, MXene as metal
sources in MOF synthesis. The porosity of V,CT,-PMOF and
V-ace-PMOF were investigated, and they both exhibit a type-1
N, sorption isotherms (Figure 3b). The experimental
Brunauer—Emmett—Teller (BET) surface areas are 1397 and
1357 m* g~! respectively, indicating the complete conversion
of MXene to MOF. SEM images of the V,CT,-PMOF display
a 2D sheet-like morphology with lateral sizes ranging from one

hundred to few hundreds of nanometers (Figure 3c and Figure
S4). Meanwhile the thickness of the V,CT,-PMOF sheets can
be tuned from 6 to 18 nm by varying the reaction temperature
(120 to 180 °C, Figure 3d and Figure SS). The reaction
intermediates show both MOF nanosheets and cracked
MXenes, implying a dissolution—reprecipitation formation
mechanism (Figure S6). In comparison, the VOSO,-PMOF
and V-ace-PMOF show a much larger spherical (>10 ym) and
cubic (>2 um) structure, respectively (Figure 3e, f). The
nanosheet morphology is not attainable when using the
multilayered V,CT, either, which might be due to the limited
accessible sites (Figure S7). XPS analysis of the V,CT,-PMOF
showed that the bonds of MXene (V—C and V—F) have
disappeared, while aromatic C=C and C—O bonds originating
from the TCPP ligands became dominant (Figure 3g). The
atomic ratio of N (5.1%) to V (1.5%) is in accordance with
that of the EDX result (Figures S8, S9), implying ~2.8 DMF
molecules per unit in the V,CT,-PMOF, which is consistent
with previously reported results.** Moreover, two distinct
peaks (C—NH and C=N-C) were deconvoluted from the N

164
165

Is spectrum, implying that no V was located at the center of 172

the porphyrin rings. This was confirmed by the UV—visible
absorption spectrum (Figure S10), where four Q bands at
lower binding energies are observed due to 7—z* transitions in
the free-base porphyrins.*”>® Additionally, Fourier transform
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177 infrared spectroscopy shows the N—H stretching vibration
178 (3320 cm™') and in-plane vibration (964 cm™) peaks (Figure
179 S11), further indicating nonmetalated centers.”” More directly,
180 the crystal structure of V,CT,-PMOF was captured using low-
181 dose HRTEM (by which the beam-sensitive structure could be
182 imaged at the atomic level).”"* Figure 3h shows a typical
183 HRTEM image that was taken along the (100) zone axis,
184 where highly ordered cages are observed (consistent with that
185 of V-ace-PMOF, Figure S12). The corresponding FFT shows a
186 cubic structural feature, which is consistent with the crystal
187 structure of V,CT,-PMOF. Moreover, the processed HRTEM
188 images present a good match with the projected structural
189 model and simulated results (see raw images in Figure S13 and
190 simulation details). Normally, it is highly challenging to
191 capture the crystal structures of 2D MOFs at atomic
192 resolution. The good preservation of the original crystal
193 structure implies its decent stability. Thermogravimetric
194 analysis reveals that the V,CT,-PMOF nanosheets are stable
195 up to 350 °C in a nitrogen atmosphere (Figure S14).

196 The nanosheet morphology of the synthesized V,CT,-
197 PMOF inspired us to explore their fabrication as thin films,
198 which could open the door for many applications. A simple
199 spin-coating strategy was adopted to fabricate MOF thin films
200 using a suspension (Figure S15, 1 mg mL™"). As presented in
201 Figure 4a—d, MOF thin films can be constructed on both
202 glasses and flexible plastic substrates with a root-mean-square
203 roughness of ~9.5 nm and a thickness of ~20 nm while
204 retaining good transparency. UV—vis transmission spectrosco-
205 py indicates that the thin films have an obvious peak at around
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Figure 4. Characterizations of V,CT,-PMOF thin films. (a, b) V,CT,-
PMOF thin film on glass substrate and corresponding AFM image. (c,
d) V,CT,-PMOF thin film on plastic substrate and corresponding
AFM image. (e) UV—vis transmittance of V,CT,-PMOF thin films.
(f) XRD pattern of V,CT,-PMOF thin film and simulated diffraction
result along (100) direction. (g) UV—vis absorption spectra with and
without phosphoric acid dopants of V,CT,-PMOF. (h) Arrhenius
plot of acid-doped V,CT,-PMOF thin film. Inset, the model for test.

420 nm, in correspondence with the absorption spectrum, 206
while a high transmittance (75% and 60%, respectively) after 207
500 nm is observed (Figure 4e). Interestingly, the XRD of the 208
thin film features sharp (100) peaks with almost no additional 209
reflections, which fits with the simulated result along the (100) 210
direction (Figure 4f), indicating the highly oriented stacking of 211
the V,CT,-PMOF nanosheets. Note that the fabrication of 212
MOF thin films using the spin coating process (especially with 213
a specific orientation) is rare and difficult. Such thin films are 214
not achievable using PMOFs derived from the other two 215
precursors, implying the uniqueness and superiority of MXene- 216
derived PMOFs. As the center of porphyrin rings are not 217
metalated, the inner N atoms could serve as acceptors of 218
hydrogen bonds. Thus, nonvolatile H;PO, enables the solid 219
MOF thin films with a potent proton-conducting property by 220
forming hydrogen bond networks within the MOFs. The 221
protonation of N after acid impregnation can be confirmed by 222
the color change (Figure S16) and the red-shifted peaks of Q 223
bands in the UV—visible absorption spectrum (Figure 4g).> 224
The XRD pattern shows a slightly left-shifted (200) peak, 225
which might be induced by the stronger charge repulsion 226
between the proton-doped porphyrin centers after acid-doping 227
(Figure S17). Alternating-current impedance measurements 228
were performed on the MOF thin film using interdigitated 229
electrodes at varying temperature (Figure S18). The proton 230
conductivity ranged from 2.76 to 7.96 X 107* S cm™" with an 231
activation energy of 0.15 eV (Figure 4h), indicating that the 232
acid-doped MOF thin film follows the Grotthus mechanism 233
which initiates the proton conducting through hydrogen-bond 234
networks.*' 7% 235

In summary, we developed MXene as a new metal source for 236
the synthesis of MOFs. The highly electronegative terminal 237
atoms and adequate accessible surfaces of the MXene enable 238
the topological synthesis and fabrication to MOFs with 2D 239
nanosheet morphology. The as-prepared V,CT,-PMOF with 240
2D nanosheets with tunable thickness could stack in a specific 241
orientation to form thin films. The MOF thin films exhibited 242
exceptional uniformity, which is superior to previously 243
reported MOF thin films. These V,CT,PMOF exhibited 244
appealing proton conductivity with acid impregnation, which is 245
promising in electronic, sensing, and electrochemical applica- 246

tions. 247
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