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Formation of Single Crystal Aluminum-based MOF Nanowire with Graphene Oxide Nanoscrolls as Structure-Directing Agents

Mégane Muschi, [a] Anusha Lalitha, [b] Saad Sene, [a] Damien Aureau, [c] Mathieu Fregnaux, [c] Imène Esteve [d] Lucie Rivier, [c] Naseem Ramsahye, [b] Sabine Devautour-Vinot, [b] Clémence Sicard, [c] Nicolas Menguy, [d] Christian Serre, [a] Guillaume Maurin,* [b] Nathalie Steunou. * [c] [a] In memory of Prof. François Couty Abstract: Here we propose an innovative strategy to synthesize single-crystal nanowires (NWs) of the Al 3+ dicarboxylate MIL-69(Al) MOF by using graphene oxide nanoscrolls as structure directing agents. MIL-69(Al) NWs with an average diameter of 70 ± 20 nm and lengths up to 2 m were found to preferentially grow along the [001] crystallographic direction. Advanced characterization tools (electron diffraction, TEM, STEM-HAADF, SEM, XPS) and molecular modelling revealed the mechanism of formation of MIL-69(Al) NWs involving size-confinement and templating effects. The formation of MIL-69(Al) seeds and the self-scroll of GO sheets followed by the anisotropic growth of MIL-69(Al) crystals are mediated by specific GO sheets/MOF interactions. This study delivers an unprecedented approach to control the design of 1D MOF nanostructures and superstructures.

MOFs have attracted a tremendous interest over the last decades in material science since this family of porous solids offers a unique opportunity to design a wide range of architectures with modulated porosities and chemical functionality. 1,2 These materials constructed through the assembly of metal ions and organic polydentate ligands present crystalline hybrid porous structures 3,4 of interest for a wide range of applications including gas storage/separation, catalysis, sensing, electronics, biomedicine etc. 1 To date, most of the works on MOFs have been devoted to the discovery of novel structures, properties testing and composites processing. [1][2][3][4][5][6][7][8][9][10][11] The control over the crystal size, morphology, and multi-scale porosity of MOFs as well as the shape of their crystal aggregates have been much less explored. Indeed, this was rarely achieved by using polymers, proteins, or metal oxides as additives. [12][13][14][15][16] In particular, low-symmetry nano-crystals (NCs), which exhibit high energy facets are of interest in the fields of catalysis, sensing and electronics. 17,18 However, only very few one-dimensional (1D) anisotropic MOF nanostructures has been discovered so far since MOF nanoparticles (NPs) are mostly obtained as polycrystalline powders or spherical NCs. [19][20][21][22][23][24] The rare existing 1D MOF architectures in the forms of nanowires (NW), nanotubes and nanorods were synthesized through a bottom-up solution route or hydrothermal process eventually templated by polymer or inorganic 1D nanostructures. [19][20][21][22][23][24] Note that the nucleation and growth processes of 1D MOFs are far to be understood similarly to a wide range of anisotropic oxides and metal nanostructures. 17,25,26,27 Furthermore, MOFs still present other shortcomings, which restrict their applications to a great extent. Above all, most MOFs are inherently electrically non-conductive and numerous MOFs are not robust against water/vapour or high temperature. To circumvent these drawbacks, MOF/graphene oxide (GO)-based materials [5][6][7][8][9][10][11] have attracted widespread attention in recent years since they can present an improved stability, enhanced electrical conductivity and processability as a result of a synergistic effect of the two components. These composites have been explored in various applications including sensors, supercapacitors, batteries, gas storage, and catalysis. [5][6][7][8][9][10][11] However, the development of such MOF/GO composites suffers from a disordered spatial arrangement of GO sheets and MOF particles as well as a strong aggregation of MOFs NPs. Therefore, the engineering of MOF/GO composite with hierarchical architectures, such as core-shell structure and layer-by-layer, would be most desirable to further optimize the performance of such systems.

In this context herein, we report the synthesis of single-crystal Al 3+ dicarboxylate MOF (i.e. MIL-69(Al) MIL, Material of Institut Lavoisier) NW by using graphene oxide (GO) nanoscrolls as structure-directing agents. GO nanoscrolls are 1D carbon materials formed by rolling GO sheets from one side or from the corner into Archimedean-type spirals. 28 They present open structures at both ends and interlayer galleries that can be easily intercalated. Recently, the assembly of GO sheets with preformed oxide or metal NPs led to the formation of GO nanoscrolls decorated by NPs. 28,29,30,31 Inspired by these findings, here we have exploited the potential rolling of GO to control the As a proof of concept, the microporous Al 2,6 naphtalene dicarboxylate (2,6 ndc) based MOF, denoted MIL-69(Al) was considered as a typical example. 32 This network which is structurally analogue to the terephtalate-based MIL-53, is built up from the connection of infinite chains of corner-sharing octahedral AlO4(OH)2 units with 2,6 ndc ligand. Its hydrated form presents one-dimensional narrow rhombic channels with a window size around 2.7 x 13.6 Å (see scheme 1). 33,34 The synthesis of MIL-69(Al) NWs was conducted in-situ with a mixture of MOF precursors e.g. Al 3+ salts, NaOH and 2,6 ndc and GO as a co-reactant in DMF/H2O solution heated under reflux. Note that the same reactants without GO led to MIL-69(Al) NPs (see SI for details). 35 TEM images reveal that the pure MIL-69(Al) NPs are polydisperse in size and morphology with diameters ranging from 20 to 90 nm (Figures 1(a) andS1).

Varying the GO content and the heating time led to different nanostructured composites. These materials are denoted MIL-69/GO-X-Y with X and Y corresponding to the initial Al/GO weight ratio (calculated from the amount of Al(NO3)3.9H2O precursor) and the reflux time respectively. The powder X-ray diffraction (PXRD) pattern of MIL-69/GO-X-24 composites displays the characteristic Bragg peaks of MIL-69(Al) in its narrow pore form, however they are much sharper and intense for X=4.5 & 9 than for X= 18 and MIL-69(Al) NPs (see Figure S2). In comparison to micrometer scale MIL-69(Al) particles, h00 reflections are much more intense in the PXRD pattern of MIL-69/GO-X-24, suggesting a preferential orientation of such crystals with a possible shape anisotropy. MIL-69(Al) NWs were typically obtained for X= 4.5 and after a reflux of 24 hours. As shown by N2 porosimetry (Figure S3), MIL-69/GO-4.5-24 presents a hierarchical porous structure that consists in an ordered array of micropores inherent of the MOF framework and mesoporous inter-particle voids. Such mesoporous voids may result from the packing of MIL-69(Al)/GO NWs or formed at the MOF/GO interfaces as previously shown for numerous MOFs based composites. 7,14 TGA, FT-IR, Raman and XPS spectroscopies (see SI for details), revealed that this composite results from the assembling of GO and MIL-69(Al) with a GO content of 30 wt% (Figures S4-S8). Both TEM Bright field (TEM-BF) and Scanning TEM using the High Angle Annular Dark Field mode (STEM-HAADF) images evidenced that MIL-69/GO-4.5-24 is composed of inter-grown MIL-69(Al) NWs and GO sheets (Figure 1b-e). MIL-69(Al) NWs present an average diameter of 70 ± 20 nm, lengths up to 2 µm and aspect ratio up to 20, as evaluated from 50 NWs randomly selected from TEM images (Figures S9-S11). Note that the morphology of MIL-69(Al) NWs is completely different than nano-or micrometer sized MIL-69(Al) particles (see Figure S1). Selected area electron diffraction (SAED) analyses were performed at low voltage (60 kV) in order to reduce the irradiation damage on a series of isolated NWs, showing the presence of single crystalline MIL-69(Al) NWs. (Figures 1f, S9-S10). To fully demonstrate that each MIL-69(A) NW does not consist of an assembly of smaller single-crystalline particles, three SAEDs were acquired along the long axis for each NW (Figure S10). These corresponding SAED patterns clearly show that each NW corresponds to a single crystal of MIL-69(Al). From the SAED indexation, it can be inferred that each NW grows along the [001] direction which is parallel to the chain axis of the corner-sharing Al 3+ octahedra in the structure of MIL-69(Al) (Figures S9-S10). 32 MIL-69/GO composites were also prepared with a higher Al content. MIL-69/GO-9-24 consists of bundles of MIL-69(Al) 1D tubular nanostructures interwoven with GO sheets as shown by STEM-HAADF (Figures 2 andS12). TEM and SAED experiments evidenced analogous single crystal NWs than those of MIL-69/GO-4.5-24 with a [001] growth direction. Remarkably, STEM-HAADF and SEM images show that MIL-69/GO-9-24 contains a high amount of GO nanoscrolls with a diameter ranging between 70 and 100 nm (Figures 2 andS12). Note that the diameter of GO nanoscrolls is close to that of MIL-69(Al) NW suggesting a templating effect of GO. Their archimedean-type nanoscrolls morphology is reminiscent to that previously reported for maghemite/graphene composites. 28 Upon increasing X to 18, both TEM and STEM-HAADF images revealed the co-existence of GO sheets and bundles of 1D GO nanoscrolls. (Figure S13) with only MIL-69(Al) as NPs. This observation emphasizes that Al/GO content needs to be critically controlled to ensure the formation of MIL-69(Al) NWs. A series of samples was collected at different stages of the reflux and further characterized by TEM, STEM-HAADF and PXRD (Figure 3 & Figures S14-S15) in order to follow the GOassisted formation of MIL-69(Al) NWs. At this stage, MIL-69/GO-9 was considered as a model system to emphasize the interplay between the formation of GO nanoscrolls and of MIL-69(Al) NWs. After a reflux of 2 hours, the sample consists of individual GO sheets and aggregates of a few 100 nm in size (Figures 3 andS14). These aggregates result from the assembly of GO sheets and MIL-69(Al) nanoparticles as shown by PXRD and FT-IR (Figure S15). The progressive crystallization and growth of MIL-69(Al) NWs starts to be observed after a reflux of 4 hours. As shown by high resolution TEM, MIL-69(Al) NWs with a diameter of 10 nm can be observed growing along the [001] direction (Figure S14 B). For a reflux of 12 hours, bundles of almost parallel GO nanoscrolls and MIL-69(Al) NWs emerge from the aggregates (Figures 3e andS14). This suggests that these aggregates act as anchors for the initial formation of MIL-69(Al) seeds, followed by their further outward growth, gradually forming the 1D GO nanoscrolls and MIL-69(Al) NWs.

An atomistic model of the interface formed between the GO sheet and the MIL-69(Al) surface was constructed and further analyzed by applying our recently developed computational strategy. 36,37 A GO model integrating both basal functions, i.e., epoxy and hydroxyl groups and edged carboxylic acid groups, was brought into contact with two distinct 3D MIL-69(Al) slab models that represent its crystallographic (010) and (001) surfaces and the resulting composites were geometry optimized by Molecular Dynamics (MD) simulations (see SI for details). The plot of the normalized atomic density along the z axis for the optimized MIL-69(010)/GO (Figure 4a) and MIL-69(001)/GO models (Figure S21a) respectively emphasizes the formation of an interfacial zone denoted A with a z-length of 4.5 Å where the GO terminations penetrate the pore pocket of the MIL-69(Al) surfaces. This observation confirms the good affinity observed experimentally between the two components. The radial distribution functions (RDFs) plotted for diverse MOF/GO pairs evidenced (Figure 4b and Figure S23a) that the MOF/GO interactions imply the OH groups present along the chain of MIL-69(Al) and the functional groups of GO. The most prominent interaction between the edged carboxylic acid functions and the OH groups of MIL-69(Al) (Figure 4c) leads to a significant twisting of the GO-layer in direct contact with the MOF as also suggested by the analysis of the dihedral angle distribution plotted for GO (Figure S22). Such predicted high degree of distortion for the first GO layers is expected to act as a driving force for the scrolling of GO evidenced experimentally. Interestingly, the intensity of the RDF peaks for all MOF/GO pairs is four times higher for MIL-69(010)/GO (Figure 4b) than for MIL-69(001)/GO (Figure S23a). This reveals that GO more strongly interacts with MIL-69(010) than MIL-69(001). We further disclosed that GO arranges at the MIL-69(Al) (010) surface in such a way to establish -- like-stacking interactions where the naphthalene linker lies parallel to the aromatic ring of GO (Figure 4d). Besides reinforcing the affinity between the two components, such π-π like-stacking interactions may limit the relative crystal growth of the MIL-69(010) surface. This prediction is fully consistent with the experimental observation of an anisotropic growth of MIL-69(Al) NW along the [001] direction. The key role of the -- stacking interactions through the naphthalene ring of MIL-69(Al) in the formation of NWs is also supported experimentally with the absence of NWs when we considered the in situ formation of the isostructural MIL-53(Al)-NH2 in the presence of GO (see Figures S24 for more details).

The combination of ex situ experiments and molecular modelling not only revealed the GO-assisted formation of MIL-69(Al) NWs but also grasped a series of evidences that led us to propose the mechanism of formation summarized in Scheme 1. This is a stepwise mesoscale mechanism that involves a mutual recognition between GO and MIL-69(Al): GO directs the formation of the MOF while conversely, the MOF surface may drive the structuring of GO. The first step implies a coordination of Al 3+ cations to both the basal plane hydroxyl groups and edged carboxylate functions of GO which is favoured by the attractive electrostatic interactions between the negatively charged GO sheets (i.e., negative zeta potential of GO in aqueous solution) and Al 3+ cations. This most probably initiates the assembly of GO sheets and the nucleation of MIL-69(Al) NPs (Scheme 1a), as previously mentioned for the MOF-253/GO composite. 38 Indeed for the three MIL-69/GO-X-24 composites, the surface of GO sheets is coated by MIL-69(Al) NPs with a diameter up to 50 nm as revealed by combining STEM-HAADF and STEM-XEDS elemental mapping (Figures 2a andS12). Moreover, MIL-69(Al) nanorods up to 100 nm in length were also observed at the surface of GO for X=4.5 (Figure S11b). Molecular modelling supports an anisotropic growth of MIL-69(Al) nanostructures along the [001] direction (Scheme1a). The following step is the rolling up of GO sheets into nanoscrolls (Scheme 1b) that is favoured by relative strong interactions between GO sheets and MIL-69(Al) surfaces. In particular, MIL-69(Al) NPs located at the edges of the bended part of GO sheets may be attracted by the inner part of GO. Moreover, the spontaneous scrolling of GO sheets can occur in the presence of DMF due to the inhomogeneous distribution of hydrophilic groups (hydroxy, epoxide and carboxylic acid) of GO and surface tension, as previously shown. 39 Finally, the growth of MIL-69(Al) NWs most probably occurs in the inner part of the GO nanoscrolls (Scheme 1c) based on the electrical data recorded on the composites (see Figure S25). Indeed, despite the introduction of insulating MIL-69(Al), the semi-conducting behavior of GO is maintained for MIL69/GO-X-24. In contrast, an insulating behaviour was observed by mixing preformed MIL-69(Al) NPs with GO. These results show that the homogeneous distribution of the MOF inside the GO nanoscrolls in MIL69/GO-X-24 does not disrupt the carrier traveling through the extended conjugated network in the GO sheets and sheet-to-sheet junctions. Since the internal surface of GO nanoscrolls is decorated by numerous spatially close MIL-69(Al) nanorods and NPs, their growth and assembly are thus constrained in a confined space that may drive the crystalline growth orientation in a direction parallel to the NW axis. This mechanism can involve redissolution-crystallization steps due to the highly reversible nature of coordination bonds of the MOF network. The crystal coarsening can be thus driven by the Ostwald ripening process while the ʺoriented attachmentʺ mechanism previously reported for the anisotropic growth of inorganic nanocrystals or biomineralization systems can also play a significant role. This ʺoriented attachmentʺ mechanism involves spontaneous selforganization of primary adjacent particles by sharing a common crystallographic orientation, followed by their fusion into singlecrystalline particles. 40 As a consequence, the growth of MIL-69(Al) nanorods may proceed from the GO surface inward, forming bundles of primary smaller aligned NWs (Figure 3e and scheme 1c) growing along the [001] direction, as shown in high resolution TEM images of Figure S14B. The lateral aggregation and crystallite fusion of these smaller NWs through ʺoriented attachmentʺ mechanism can lead to one single-crystalline NW (Scheme 1d) as previously reported for anisotropic metal or oxide nanostructures. 40,41 This last crystallization step could be explained by the spatial proximity of the primary NWs. Their constrained growth may proceed through coordination reactions with unreacted MOF precursors or grain boundary consumption at the interfaces as previously reported for MOF-74-II tubular superstructures. 42 In summary, GO nanoscrolls were demonstrated to act as structure-directing agents to form 1D MOF NWs. The interplay between multimodal characterization techniques and molecular modelling unravels their mechanism of formation. The selfscrolling of GO sheets and the subsequent anisotropic growth of MIL-69(Al) NWs in the inner cavity of GO nanoscrolls are driven by the covalent bonding between MIL-69(Al) NPs and the hydroxyl and carboxylic acid functions of GO that restrict the crystal growth on certain facets. This leads to the formation of hierarchical porous MOF/GO composites with a core-shell microstructure allowing homogeneous and high dispersion of MIL-69(Al) NWs in the GO matrix. Considering the chemical tunability of MOFs and the possible functionalization of GO, this strategy opens up a new avenue for fabricating hierarchical and nanostructured MOF-GO composites that might be optimal systems for different applications including separation, energy storage and sensing. 43 As illustrated in the case of MIL-69(Al)/GO composites, the design of core-shell MOF-GO nanostructures appears as a valuable approach to integrate MOFs into GO without any agglomeration of MOFs NPs or restacked GO layers while imparting electron transport properties. Typically, such composites combining a hierarchical porous structure in synergy with electrical conductivity might facilitate the current and electrolyte transport efficiency. This will be exploited in future work for possible applications in the field of batteries, supercapacitors and electrochemical sensors.

Single-crystal nanowires (NWs) of the Al 3+ dicarboxylate MIL-69(Al) MOF were synthesized by using graphene oxide nanoscrolls as structure directing agents. The interplay between multimodal characterization techniques and molecular modelling unravels their mechanism of formation involving size-confinement and specific interactions.

Single-crystal nanowires (NWs) of the Al 3+ dicarboxylate MIL-69(Al) MOF
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 1 Scheme 1. Mechanistic scheme summarizing the main stages of the MIL-69(Al) NWs formation.
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 1112 Figure 1. (a) TEM-BF image of MIL-69 NPs; (b, e) TEM-BF, (c,d) STEM-HAADF images of MIL-69/GO-4.5-24 (f) SAED of the area highlighted by the red circle in (e).The SAED indexation is given with respect to the MIL-69(Al) structure. 32 The stereographic projection (g) -related to the crystallographic orientation deduced from (f) indicates unambiguously that the crystal growth proceeds along the [001] direction (see SI for details)

Figure 3 .

 3 Figure 3. TEM images of MIL-69/GO-9-Y prepared with different duration Y of the reflux namely a) 1 h b) 2 h c) 4 h d) 8 h e) 12 h f) 24 h.

Figure 4 .

 4 Figure 4. MIL-69(Al)(010)/GO model a) Representation of the normalized atomic density showing the interfacial region denoted A. (b) Radial Distribution Functions calculated between HOH of MIL-69(Al) and the different O atoms of the functional groups of GO (c) Illustrative snapshot showing the main interactions between the edge carboxylic acid groups of GO and HOH of MIL-69(Al). (d) Snapshot showing preferential π-π like interactions at the MIL-69(Al)(010)/GO interface. Color schemes are GO layers: C-black; O-red, Hwhite; MIL-69(010): C-gray, Al-pink, O-red and H-white.
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