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Instant one-pot preparation of functional layered double hydroxides (LDHs) via a continuous hydrothermal approach
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Instant One-Pot Preparation of Functional Layered Double Hydroxides (LDHs) via aContinuous Hydrothermal Approach Oana Pascu, [a] Samuel Marre, [a] Bastien Cacciuttolo, [b] Ghina Ali, [c] LaurenceH ecquet, [c] Mathieu Pucheault, [b] Vanessa Prevot,* [c] and Cyril Aymonier* [a] Abstract: Instant one-pot synthesis of functional layered double hydroxides (LDHs) is demonstrated for the first time using ac ontinuoush ydrothermal multi-step process. The as-prepared pristine materiald isplays high crystallinity and very small LDH nanoparticle size, laterald imensions below 100 nm and at hickness below 20 nm, all being achieved in only 5s.T his approach was extended to the preparation of i) pristine LDH with different compositions by varying the cation (Mg, Ni, or Zn) and the anion( CO 3 , NO 3 )a nd ii)functional LDHb yv arying the functionalization agent,f or example long organic molecules (hybrid LDH), enzymes( bio-hybrid LDH) or inorganic metal/oxide nanocrystals (inorganic-LDH). Beyond the design of functional LDH, this paper presentsproof of concept for acontinuous, one-pot and multistep high temperature/high pressure (HT/HP) process for the assembly of nanoscaled materials.

Synthetic layered doubleh ydroxides (LDHs), commonly named hydrotalcite-like structures, belongingt ot he class of anionic clays, have been the subjectofi ntenser esearch sincetheir first lab synthesis in 1942. [1a] The interest [1] is based on their multiple applications: catalysis, [2] sensing, [1c, 3] environment, [1b, 4] bio and pharmaceutics, [1e, 5] constructions, [6] batteries, [7] stimuli responsivem aterials [8] due to their attractive physicochemical properties arising from their structural and chemical features. In particular, the positively charged brucite-type [Mg(OH) 2 ] layers due to partial substitutiono fM 2 + with M 3 + ions [M 1Àx 2 + M x 3 + (OH) 2 ], stabilized by counter anions( A n x/nÀ )w ithin the in-terlayers pace,a re of high interest. The ability to manipulate and control the surface or properties of host LDH opens a myriad of design possibilities as multifunctional hybrid layered materials. For instance, by depositing Au nanoparticles of 2-3nmo naLDH-modified surface, the protein (e.g.,h emoglobin) adsorption capacity of LDHw as enhanced, [5e] due to the covalentl ink formed between Au and the protein's free thiol (SH) groups.

Yet, the preparation of pristine or functional LDH is still limited to af ew methods,w ith co-precipitation, anion exchange, reconstruction, alcohol/polyolo rt he urea method being the most used. [1c, 4, 5b-d, 9] These classical methodsa re convenientt o demonstrate proof of concept of LDH preparation and optimization methods with control over the particle size, structure, morphology,c hemical composition and crystallinity.H owever, their long processing times (from af ew hours to days)a re still limiting the process optimization,w hile generally leadingt o large crystal size (micrometer range). On the other hand, shorter residence times can achieve the right structure but with a loss in materialc rystallinity and homogeneity as observed for pristine LDHs ynthesis. [9] Additionally,w hen functionalh ybrid LDH synthesis is targeted, several processing steps are mandatory for producing the desired material. [1c, 2d-e, 5b-d, 8, 9b,d, 10] Applications using LDHs generally required advanced controlo ver the platelets diameter (laterald imension) and thickness (number of stuck layers). For instance, LDH basicity,a nion exchange, adsorptionp roperties or catalytic activity are enhanced by decreasing the LDH particles laterals ize/ thickness down to the nanometerr ange. [1c, 9c,e] Unfortunately,t he preparation of aqueous colloidal suspension of LDH with particle size below 100 nm is still challenging, [9f-i] although smaller LDH particles production was reported through alcohol-based routes. [9a,c,j] One way to decrease the particle size, while keeping the same LDHc rystals properties, is to separate the nucleation of LDH particles and ageing/growth steps. [9] This could be achieved by considering continuous precipitation methods, still scarcely studied so far.T he first example was reported in 2006 with an in line dispersion-precipitation methodt op roduce pristine LDH. [11a] This was achieved using am icroreactor equipped with in line pH control.S ince then,Q .W ang et al. [11b] reported the use of af low nozzle reactori nw hich the precipitation of LDH is takingp lace when two opposite flows, one being abase aqueous solution and the other ametal precursor solution (with controlled flow rate), are mixing. By varying the reaction temperature (75-400 8C) and pressure (5-24 MPa), Mg 2 Al-CO 3 and Ca 2 Al-NO 3 LDHs up to 100 nm are formed with the disadvantage that CaAl andM gAl LDHs above the reaction temperature of 150 8Ca nd 250 8C, respectively,s tart to decompose into AlOOH/Al(OH) 3 impurities. [11b] Recently,H .L iang et al. [11c] reported the direct formation of pristine crystalline CoNi LDH nano-platelets (of 15 nm thickness and more than 100 nm in lateral dimension) perpendicular to the carbon support by pumping the mixture of metal salt precursors solutions into ac ontinuous singular tubularr eactor at 160 8Ca nd 1.1 MPa pressured uring 4h.I nt his study we are reporting a step forwardi nt he preparation of functional LDH materials. By introducing an ew configured set-up, we are demonstrating the first instant one-pot synthesis of multifunctionalL DH particles using ac ontinuous co-flow hydrothermal precipitation approach (residencet ime R t of 5s,1 75 < T(8C) < 200, pressure of 20 MPa).

This novel approach( Figure 1) is validated by preparing: 1) small pristine LDH particles (below 100 nm in lateral dimensions and 20 nm for the thickness);2 )hybrid LDH materials by in situ intercalation of large organic molecules, for example, DS (dodecyl sulfate);3 )bio-hybrid LDH with in situ enzymes immobilization (i.e.,t ransketolase-TK) and 4) inorganic LDH supported active nanocrystals (Pd, Ru) by in situ formation and deposition of metal/oxide nanocrystals over LDH platelets whose catalytic activity in hydrogenation of cinnamaldehyde was further tested.

We have developed ac ontinuous, high-pressure, co-flow [12a] system whose versatility has already been demonstrated for the preparation of different active hybrid nanocrystals, namely ZnO [12b-c] and Pd [12d-e] NPs. First, pristine LDH with different compositions Mg 2 + ,N i 2 + or Zn 2 + as M 2 + ,A l 3 + as M 3 + in the molar ratio of 2t o1and CO 3 2À ,a si nterlayered anion were prepared (Figure S1 and Table S1 in the Supporting Information), in order to access fundamental understanding of the precipitation mechanism but also to get some reference materials for furtherc omparison with the functional LDHs. Af ew attempts were made for the preparation of pristine LDH containing NO 3 À as interlayered anions, but furthero ptimization of preparation procedure is needed. Then, keeping the experimental parameters constant,f unctional LDHs were synthesized by addingt he functionalization agents (DS, TK, Pd or Ru salts precursors)t ot he LDH precursors (see Experimental Section and Ta ble S1). The as-prepared LDH materials yield to fine precipitates, whose color varied depending on the functionalization agent (Figure 1).

Herein, we purposefullyf ocused the discussiono nt he most common CO 3 -LDH type material, the pristine CO 3 -LDH namely, Mg 2 Al-CO 3 ,N i 2 Al-CO 3 and Zn 2 Al-CO 3 ,l abelleda sM g.C, Ni.C and Zn.C, respectively,a re identified from XRD powder diffraction patterns,p resented in Figure2a. The visible peaks can be indexed with standard JCPDS. [13a] For theoretical M II /M III ratio equal to two, the Mg/Al combination gives au nit cell ao f 3.057 and co f2 3.502 ,w hile Ni/Al one gives a = 3.025 and c = 22.59 .T he (003) peak appears at 2q % 11.58 evidencing an interlayer distance of 7.7 (AE 0.15), for all samples, in good agreement with the CO 3 -LDH obtained by classical precipitation method. [13b] Moreover,adifference in the (003) peak broadening can be clearly seen, attributedt oacoherent domain size variation.

LDH structural andm orphological information can be obtained from the analysiso f( 003) and ( 110) peaks of diffraction patterns:b asal distance (d 003 = thickness of brucite layer + interlayers pace), cell parameters (a = 2d 110 and c = 3d 003 ). Comparing the experimental" a"a nd "c"p arameters with the standard ones, small deviations are observed. This could be attributed to the experimental M II /M III ratio different from the theo- retical one equal tot wo, investigatedb yI CP chemical analysis (see Supporting Information, Table S3). The crystal sizes forp latelet-like shape, namely the lateral dimension (diameter), is given by L 110 whilethe thickness by L 003 ,and the corresponding numberso fl ayers stacked within one LDH particles. [9d] d 003 and d 110 were calculated using the Bragg law,w hile L 003 and L 110 with the Scherrere quation (Table1). The clear ( 110) and ( 113) peaks revealagood dispersion of metal ions in the hydroxide layers. [13b] Using the same experimental conditions, but playing with the type of LDH cations, different behaviors were found. The unit cell given by the "a"p arameter was found to be the highest for ZnAl, then MgAl and the smallest for NiAl. It is not very clear if the coherent domain size is mainly linked to the radii of the elements, namely Mg 2 + ,N i 2 + ,Z n 2 + and Al 3 + with 72, 70, 74 and53pm, respectively. [13] The LDH nanoplatelets diameter( L 110 )a nd thickness (L 003 )a re also different, increasing from NiAlt oM gAl and ZnAl, as observed by classical direct coprecipitation. This tendency was confirmed by LDH TEM images (Figure 2b-d). Platelets-like rounded shapes were observed in all cases. In the case of Ni.C, the determined diameters from XRD and TEM analyses were 10 and 9nm, respectively,d emonstrating the monocrystallinity of the LDH particles and al imited crystal growth in our conditions. Switchingt o Mg.C, as light difference was found between the XRD calculated diameter and TEM measured sizes, (23 nm -XRD and 36 nm -TEM), suggestingp olycrystalline LDH nanoparticles. In the case of Zn.C, even further growth of crystals takes place with less-defined platelets shape.

The very large difference between the XRD (23 nm) and TEM (around2 00 nm) size might be translatedt hrough the presence of several coherentd omains in the same plateletsw ith variouso rientations [14] This behavior could be interpreted with av ery imperfect LDH where the array of atoms on the surface is disordered with crystal surface defects. [14] This situation could happen in the case of av ery fast ageing, typical of the considered synthesis conditions (R t = 5s).

Functional LDHs were then preparedc onsidering the same experimental parameters as for pristine, adding additionally the functionalization reagents in the precursor solution.O ur continuous set-up demonstrated itself to be flexible in controlling the nucleationa nd functionalizing step, certifying its high versatility for preparing instant one-potf unctional LDHs. In addition, small (from 8.6 to 200 nm depending on the considered metal cation-see Ta ble 1-L 003 , L 110 and number of layers), pristine or functional LDH could be prepared. This configuration thus exhibits advantages over conventionalb atch approaches. The structure and morphologyo ft he as-prepared functional CO 3 -LDH are presented in Figure3,F igure 4a nd Figure5,r espectively.

XRD diffraction patterns are presented in Figure 3. LDH fully intercalated with dodecyl sulfate (DS),n amedh ybrid LDH, labelled as Mg-DSa nd Ni-DS display the first peak at 2q = 68 and all the expected harmonic diffractionl ines (Figure 3a), corresponding to ab asal distance of 27 ,a sp reviouslyr eported. [9d] For these hybrid LDHs, the estimated interlayer distance (Table 1) for both materials suggested an interdigitated bilayer arrangement of anionic surfactant (dodecyl sulfate) within the interlayer (Figure 3a). [9d] The DS presence within the LDH structures was also confirmed by FTIR spectroscopy (FigureS4) and TGA measurements (Figure S5). Ah igherw eight loss for the LDH-DS compared with the pristine LDH was observed, as expected and in agreement with at ypical LDH behavior. [17] As presented, there are not significant structural changes between pristine and functional LDH (according to XRD structural data), their laterald imensions get smaller but their thickness remained similar. Rather an influence on LDH morphologyo f functional agents can be clearly observed (Figure 4). The hybrid LDH, endowed with hydrophobic characteristics, due to 

d 110 [] a [] L 003 [] L 110 []
Stacked layers [a] PristineL DH Mg.C [b] 7.82 23.461 .53 3.062 1152 30 15 Ni.C [b] 7.61 22.831 .51 3.013 56 100 7 Zn.C [b] 7.56 22.691 .54 3.077 175 230 23 Mg.C [c] 7 Bio-hybrid LDH (Mg.C-TK):I no rder to assess the ability of our process to immobilize enzymes on LDHs for the development of bioreactors and further applications in biocatalysis, thermostable Transketolase from Geobacillus stearothermophilus (TK) [15a] belonging to the family of transferases was chosen as am odel. Thise nzyme catalyzes as tereospecific carboligation reactiona nd its robustness allows using it in unusual media [15c] or at elevated temperature [15a,d] for the synthesis of chiral polyols of biological interests.

Changing the long organic surfactant with al arge enzyme ( % 9nm) in the synthetic process, [16b] the XRD pattern showed similard iffractionp atterns compared to the reference (Mg.C-50 8C), exhibiting only slightly broader peaks (Figure 3b).The large enzyme size hampers itsi ntercalation in between the layers. This indicates that the enzyme TK didn ot affect very much the LDH formation and crystallinity,a lthough LDH amorphization with strong decrease in the coherentd omain size was found when using classical method. [15b] Layered structure is still preserved but pelletsa ggregation is observed (Figure 4b and S2 b) since crystal growth occurs in the presence of TK proteins. [15c, 17] The presenceo fc haracteristic amide vibration bands of the enzymeo nF TIR spectrum (Figure S4) further confirmed the successful immobilization on the inorganic layered matrix. It was reported [11a] that in continuous mode, LDH precipitates very fast (typically less than 1s). Based on this consideration, purified TK was pumped into the reactor (with a third highp ressure pump) 2.5 sd ownstream the initial mixing point where LDH starts forming. The fast mixingi ns uch configuration in the turbulent regime ensures that the reaction media has ap Hh ighert han 7, optimal forT Ka dsorption. [1c, 15c, 17] Indeed the critical factorsi nt he enzymei mmobilization are the immobilization yield and the preservation of the catalytic activityu nder process conditions. By analyzing the supernatant, an immobilization yield of 96 %i sc alculated, evidencing the efficiency of our direct synthetic approacht oi mmobilize biomolecules on inorganic support. The TK catalytic activity is determined using l-erythrulose as donor and dribose 5-phosphate as acceptor and highlights that TK maintains at least half of its activity once immobilized on LDH. We assumet hat temperature and pressure used in our process slightly affect the enzyme andc ould be furtheroptimized.

Inorganic LDH:I tw as reported [16] that M II or M III with ionic radius close to the one of Mg 2 + might be accommodated inside the brucite layers (isomorphic substitution of Mg 2 + ), affecting the layer charge, the metal-metald istance andi mplicitly the amount of counter anionsi ntercalated.T his leads to a modification of the basal distance and of the physico-chemical properties. By functionalizing Mg.C LDHw ith Pd (using Pd(NO 3 ) 2 precursor), an isomorphics ubstitution of Mg 2 + does not take place (Pd 2 + ionic radius is larger,8 6pm, than Mg 2 + radius), but insteadP dn anocrystals are formed on the LDH platelet surface( Figure1), certified also by TEM images (Fig- ure 4c). Similar behavior was observed for LDH formed in the presence of Ru precursor (RuCl 3 ), labelled Mg.C-Ru (Figure 4d), although Ru 3 + is smallert han Mg 2 + ,w ith ar adius of 68 pm. For both metals,t he formation of nanocrystals on LDH surface withoutm odification of the LDHs tructure is confirmed by similar basal distances and cell parameters compared with pristine LDH (Table 1a nd Figure 3c). The similar structural parameters found for both Mg.C-Pd( using an itrate precursor) and Mg.C-Ru (using ac hloride precursor) demonstrate that the counter ion exchange CO 3 2À ,b ye ither NO 3 À andC l À does not occur, which was confirmed by EDS measurements (Figure S6). This is in good agreement with LDH strong affinity for carbonate anions. [1] Switching fromM g 2 + to Ni 2 + ,the addition of Ru 3 + results in ad ifferent behavior (Table 1-label Ni.C-Ru). Indeed,a decreaseo ft he basal (d 003 )a nd metal-metal (a)d istance can be noticed. This might be attributed to ap artial substitution of Ni 2 + by Ru 3 + ,l eading to an increase of layer positive charges and the electrostatic attraction followed by ad ecrease of the basal distance and the "a"p arameter.

The addition of Pd(NO 3 ) 2 to the LDH precursor leads to the formation of small Pd NCs ( % 2nms ize) on the LDH surface (Figure 4c). Their high crystallinity was certified by HRTEM image (Figures 4c-inset andS3) and the measured lattice fringes give am ean value of 0.194 nm (Table S3), corresponding to the (200) crystalline plane distance of Pd (JCPDS 46-1043). [18] Note that when Ru precursor was used, ad ifferent LDH morphologyw as obtained. LDH pellets are not well defined but their morphology could be imagined as overlappingp latelets areas decorated with very small ( % 1nm) NCs (Figure 4dinset). Unfortunately,t heir crystalline nature by the presenceo f NCs lattice fringeswas difficult to be revealed by HRTEM analysis, but the collected surface area electron diffraction( SAED) of Mg.C-Ru sample (Figure S2 d) showedt he presenceo facrystalline material. Overall, it can be noticed that the prepared inorganic LDHs were lessa ggregated than MgAl-LDHf unctionalized with organic molecules (Figures 4a nd S2)

Morphologyo ffunctional Ni.C with organic (DS) or inorganic parts (Ru) is presented in Figure 5. Although some crystallinity of Ni.C-RuL DH wasc onfirmed by SAED, (Figure 5b-inset), clear delimitation between crystalline parts (Ru metallico ro xide NCs or pellets) was difficult to be made.

Catalysis activity of inorganic LDH:U sually,i nc innamaldehyde hydrogenation the expected carbon-carbon double bond reduction is obtained together with C=Or eduction leadingt o alcohol formation. In our case, the use of Mg.C-Pd LDH catalysts afforded only the phenylpropionaldehyde, no alcohol was detected by GC/MS and ac ompletec onversion was obtained in 12 hours under 0.1 MPa of hydrogen at room temperature. On the contrary to Pd-LDH catalyst, Mg.C-Ru-LDH catalyst had av ery different behavior in hydrogenation reaction. Expected to preferentially reduce the carbonyl group, as it happens classically,i nt his study only reducing the alkene,ayield of 43-46 %w as obtained after 12 hours under 8MPa of hydrogen at room temperature. This unexpected reactivity and selectivity can be relatedtothe difference in morphology and crystallinity level.

In conclusion, this work demonstrated for the first time the instant one-pot synthesis of functional LDHs using an ew continuousc onfiguration set-up working in hydrothermal conditions. The as prepared pristine or functional layered material corresponds with the standard LDH, showing high crystallinity. Moreover,a ni mportant feature is the very small LDH nanoparticles size obtained,w ith laterald imension below 100 nm and thickness below 20 nm, in only 5s.T he concept was demonstrated with the preparationo fi )pristine LDH by varying the cation (Mg 2 + ,N i 2 + or Zn 2 + )a nd the anion (CO 3 2À ,N O 3

À

)a nd ii) functional LDH by varying the functionala gent, for example, long organic molecules (hybrid pillared LDH), enzymes (biohybrid LDH)a nd inorganic metal/oxide nanocrystals (inorganic-LDH). Moreover,high-qualityand active materials were successfully synthesized, underlying the important contribution that this approach can bring, by opening new possibilities for designing andp reparing aw ide range of layered materials.

Experimental Section

LDH synthesis experimental details:T he preparation method from the classical precipitation was transferred to ac ontinuous hydrothermal approach, using ac o-flow set-up (Figure S1), described in detail elsewhere. [12e] Briefly,f or the preparation of pristine LDH,a room temperature aqueous solution of cationic salts (M(NO 3 ) 2 6H 2 O, M = Mg 2 + ,N i 2 + or Zn 2 + + Al(NO 3 ) 3 9H 2 O) of 3.3 10 À2 m (total concentration, with ac ation M 2 + /M 3 + molar ratio of 2) was mixed with aN aOH + Na 2 CO 3 (LDH-CO 3 type) preheated water solution (3.3 10 À2 m and 0.55 10 À2 m,r espectively) in atubular reactor (30 cm of length and 2.1 mm internal diameter) inside an oil bath. In the case of LDH-NO 3 type, only NaOH (3.3 10 À2 m)w as added in the base solution. The salts and base solutions were injected in the inner and external tubes (Figure S1), respectively, maintaining always ad ouble flow rate for the base solution, in order to have 2mol of OH À for 1mol of cation. Depending on the temperature synthesis, the total flow rate was calculated for ar esidence time between 5a nd 10 sa nd ap ressure of 20 MPa (Table S1). At the end of reaction (few seconds), the outlet solution containing the precipitated LDH was cooled with an ice bath and collected in av essel. The material was centrifuged at 8000 rpm/ 20 min and washed twice with deionized water,f ollowed by drying overnight at 80 8C. For TEM (JEOL 2100) and TEM-FEG HR (JEOL 2200FS) analyses, the LDH was kept as colloidal dispersion (gel in water) and drop casted on carbon grid, while for powder XRD (PANalytical X'Pert Pro with monochromatic wavelength of Cu Ka1), TGA and FTIR (Bruker-with absorption/ reflection measurements in the range of 7500 cm À1 -40 cm À1 )t he dried powder form was used. For the preparation of functional LDH, as imilar procedure as described previously was used, with the difference that: 1) for in situ metal NPs deposition (labelled LDH-NPs), the salt solution contained additionally the metal salt precursor (Pd(NO 3 ) 2 or RuCl 3 ,w ith the molar ratio of Mg to Pd or Ru of 8);2 )for intercalation of organic anions (sodium dodecyl sulfate, SDS), labelled LDH-DS, to the base solution containing only NaOH, DS of 0.55 10 À2 m was added;3 )for enzyme transketolase (TK) functionalization (labelled LDH-TK), athird water solution containing the TK was injected in the middle of the reactor (pH of 7-9) in order to have a weight ratio of TK to LDH of 1.25. TK immobilization and enzymatic activity were determined as previously reported. [15c] To perform catalytic test of inorganic LDH, the autoclave was charged with Mg 2 Al-CO 3 -Pd (5 mg), trans-cinnamaldehyde (126 mL, 1mmol) and EtOH (2 mL). Air was evacuated and replace with hydrogen adjusting the system to the desired pressure. The reaction mixture was stirred during 12 hours at room temperature. The crude reaction was filtered over silica, concentrated under vacuum affording pure 3-phenylpropionaldehyde in quantitative yield. No impurities were detected in GC/MS and NMR.

Figure 1 .

 1 Figure 1. Sketch of the one-pot multistep process developedfor the preparation of functional LDHm aterials.

Figure 2 .

 2 Figure 2. Structure and morphology of pristine LDH. (a) XRD pattern of Mg 2 Al-CO 3 ,N i 2 Al-CO 3 and Zn 2 Al-CO 3 obtained at 20 MPa pressure, 200 8C and 5sand TEM images of Mg 2 Al-CO 3 (b), Ni 2 Al-CO 3 (c) and Zn 2 Al-CO 3 (d) LDH particles;Gaussian size distribution shown in inset (b and c).

Figure 3 .

 3 Figure 3. XRD diffraction patterns of functionalized LDH:(a) hybrid LDH as Mg-DSa nd Ni-DS;( b) bio-hybrid LDH as Mg.C-TK (TK = transketolase) synthesis at 20 MPa pressure, 50 8Cand 5s,c ompared to Mg.C obtained at 20 MPa pressure, 50 8Cand 5sand (c) inorganicL DH as Mg.C-Pd, Mg.C-Ru (Pd and Ru in the form of nanocrystals)bothtypessynthesized at 175-200 8C/ 20 MPa/5 s.

Figure 4 .

 4 Figure 4. TEM images of functional LDH materialsu sing:dodecyl sulfate DS (a), enzyme TK (b) and Pd (c) and Ru (d) NPs as functional agents.

Figure 5 .

 5 Figure 5. TEM images of functional Ni 2 Al LDH materials with dodecyl sulfate DS (a), Ru NPs (b).

Table 1 .

 1 Structurald ata calculated from XRD diffraction patternsf or pristine and functional hybrid LDH materials.
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