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Abstract

The formation of stable aqueous colloidal suspensions eAlQayereddouble hydroxide
(LDH) assisted by doubleydrophilic block copolymers was investigated. It was of utmost
importance sincthedirectpreparatiorLDH colloidsof controledsize isstill a major challenge

; moreovey regardingthe Cu-Al systemthe mechanism of formatiasf the LDH phasés not
well understoodyet Cu-Al LDH nanoparticles were obtained by complexi@g? and AF*
cationmixture (CU?*/AI3* = 2) with an asymmetrigoly(acrylamidejb-poly(acrylic acid) block
copolymer followed by metal cation hydroxylatiohe mechanism dérmation of the CtAl

LDH was studied and compared to that of-MIigLDH. ICP-MS analysis of the hyid polyion
complex (HPIC) micelles obtained at increasing complexation ratio, i. e. the ratio of the molar
concentration of complexing acrylate group of DHBC t& Bhd AF* cations (R = AA/(M* +
Al®"), showed higher selectivity of DHBC toward®Aand,among M cations, for Cé' than

for Mg?*. Hydroxylation of the HPIC micelles led to macroscopic precipitt&svalues below
flocculation thresholdsie. R1 = 0.43 for DHBC/CtAl and 0.13 for and DHBC/M@\I

suspensions, while stable suspensions wenedd above R1. The hydrodynamic diametej) (D
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of the colloids determined by DLS decreased from 160 to 50 nm and from 350 to 50 nm in the
DHBC/Cu-Al and DHBC/MgAI colloids, respectively, when R increased from R1to 1. XRD
and TEManaly®s of the dried colloidal suspensions (R > R1) revealed the presencefdf Cu
LDH and MgAIl LDH phases and elementahalyses confirmethat M(II)/Al = 2. Particle

sizes were lower in GAl LDH than in MgAIl LDH. Titration curves corresponding to
progressie hydroxylation of DHBC/Cu(or MgQl solutions at fixed complexation ratio R
allowed establishing that formation of @ and MgAIl LDH obeyed to a similar sequential
mechanism in two steps but involving different aluminum hydroxide precursors according to
the differentpH values oprecipitation. Cu-Al LDH wasobtained by combination of aluminum
poly(hydr)oxide species with dissolved coppased species at pH ~ 5.5, while ¥gLDH
resultedrom combination of Al(OH)and dissolved Mg at pH ~ 8.

Key words

Layered double hydroxidd)oulde hydrophilic block copolymerddybrid polyion complex

micelles; Magnesium; Copper; Aluminum.

1. Introduction

The preparation of stable aqueous suspensions of layered double hydroxide (LDH)
nanoparticles or LDH nanosheef$er large perspectives in several application figldtuding
catalysis, biomedicine (Wang et al ;X HW DO /L HW DO

2012; Zhang et al.,2016; Mao et al., 201y An efficient andfully colloidal route for
nanoparticle synthesisas previously developed by some offasthe direct preparation of
aqueous colloidal stable suspensions of metal (hydr)oxidesoflaft, CZ*, Ni* or Zr?*, of
ZnS, and, recently, of M@l LDH (Gérardin et al., 20038Bouyeret al., 2003, 2006Farasov

et al.,, 2013 Layrac et al., 2014 This method relies on the use of asymmetric double

hydrophilic block copolymers (DHB)Csuch agoly(acrylamidedb-poly(acrylic acid)(PAM-

:DQ.



b-PAA) polymers, which achs bothgrowth control and stabilizing agents.the case of Mg

Al LDH, the synthesis process consistsniixing Mg?* and AF* cations with the DHBC
yielding hybrid polyion complex (HPIC) micellaghich containeanly AI**, while Mg?*ions
remainedfree in solution Then progressive hydroxylation of DHBCFAImicelles leads to
DHBC/aluminum hydroxide colloidsvhich integrate increasing amounts of ¥ligns, leading
ultimately to precipitation of MgAl LDH phase in the core of the HPIC micelles acting as
confined nanoreactors. The ratio of thelar concentration of complexing acrylate gretgp
Mg?* and AP cations (R = AA/(Md" + AI®") allowed controlling the extent ajrowth of the
LDH particlesandthe stability of the collals. The mechanism dbrmation of the LDH phase
taking place in the mickr core, above described (Layrac et al., 2014 im agreement with
the classical one described in the literatuheen trivalent metal hydroxides more soluble than
divalent metal hydroxidewere invohed (Boclair and Braterman, 1999; Seron and Delorme,
2008).0n the contraryit was reported thatthen the divalent and trivalent metal hydroxides
exhibit close solubility LDH phases werdirectly precipitated (Boclair and Braterman, 1998;
Boclair et al.,1999; Rhada et al., 2008uch behavior wasbservedvhen C?#* on one hand
and Zrt*, C&* or Ni?* on the other hand were involvedrastal caibnic species (Boclair and
Braterman, 1998; Boclair et al., 199B)rect formation of LDH phase was also claimelen
using mixtures of AY" or Cr** and C@"* cations. Thiss unexpected due tie very different
solubility of the trivalent metal hydroxides and of Cu(QHBesides no clear evidence of the
formation of theCu-Al LDH phase was providedepége at al.1996; Boclair and Braterman,
1998). These previous studies reveabadone hand that a given cation mixture letms
specificpH of coprecipitation of the LDH phasdepending on the relative solubility of the
divalent and trivalent metal hydroxidesa @e other hand, LDFbrmation carfollow different
pathways during precipitatiordepending on the nature of the catidBs-containing LDHare

known for their great potential asemursors of supported copgeasedcatalysts their



preparation astable nanoparticles isd highly desirable. However, due to the remarkable
efficiency of Cd* among divalent cations to form HPIC micellgsyrac et al., 2015)the
formation of CuAl LDH colloidsassisted by complexing DHB@presents a major challgs
Moreovet the mechanism of formation of @ LDH during titration of a mixed Cti- AI3*
solution wa not well establishedyet Indeed AI(OH3} and Cu(OH) simple hydroxides
precipitate atlose values of pHpH &) (Figure S1), then there waome doubabout the
sequential or direct coprecipitation mechanisiriormation of CuAl LDH. This question is
particularlyrelevant wherconfinementm the HPIC micelle cores involved Preparation of
Cu-Al LDH following different protocols was previoustjescribedn the literature, however
with scarceinvestigationson the formation mechanisra Bukhtiyarova(2019) reported that
pure CuAl LDH was obtained when coprecipitation was performed at pH values in the range
7 8 depending on the nature of theqnesor anionic salts. Park et £1990) obtained pure
CuwAl LDH from copper(ll) ammine solution and aluminum sulfate. Boclair and Braterman
(1998) pointed outthat CuAl LDH forms directly from the sulfate salt®esides, aother
peculiar aspect of the GontainingLDH wasunderlinedsince the pioneer review of Cavani

et al. (1991who reportedhat they ca form only when another divalent cation, e. ¢Z'Z&d**

or Mg?*, was present. This behavior was assigned to distorsion of the octahedral coardinatio
structure due to the cooperatidahn-Teller effect. Severatudiesof synthesis of very useful
multicationic CucontainingLDH as catalyst precursotsave indeed confirned that pure
crystallographic. DH phases were obtained in wide rasge aV12*/M3* atomicratioswith M?*

= CU*, Ni%*, Co*, Zr?*, Mg?* and M+ = AI3* and/or Fé*, and at varying c@recipitation pHs.
Marchi et al, 2003; Trujillano et al., 2005; Raciulete et al., 2014; Li et al., 2015; Zhang et al.,
2017; Lucarelli et al., 2018; Said et al., 2018; Lu et al., 2008} confirms theversatility of
copper to form LDH phasen systems combiningeveral divalent and/arivalent cationsand

suggestghatthe JahnTeller effect in CuAl LDH was cleverly overpassed by separating Cu



cations inthe brucitelike layers ofmulticationicLDH. Then in addition to insightsnto the
mechanism of formatigra relevaniobjective ofthe present work wgato obtain pure Cu-Al
LDH phasethroughthedirect colloidalsynthesis route from HPIC micelles.maindrawback

for the formation of CtAl LDH through the HPIC micelle routeould resulfrom the higher
complexingability of DHBC for C#* than for the other transition metal ions, i. €2'NCc*”,
Mn?*, CW*, Zre* (Layrac et al., 2015) iagreement with its peculiar position in the series of
Irving-Williams referring to the stability constants of formation of hgglin conplexes (Irving
and Williams, 1953)Therefore, due to the higfHBC-Cu?* affinity, competitive complexation
will be far less favorable to Al than in the case of Mg That feature will also participate to
induce a mechanism of formation of the-8ULDH different from that of the Mg\l LDH in

the presence of DHBC

In summarythere arghree main reasons which concur to render the formation -&ICOH
from HPIC micelles a challenging task the close precipitation pHs of the simple Al(GQH)
and Cu(OH) hydroxides,ii) the formation of pure Cwcontaining LDH phase more easily
achieved in the presence of other divalent or trivalent cationgijiplde high selectivity of
PAA complexing block for Ci.

The present paper focuses on thechanism of formeon of the CuAl LDH in the presence
and in theabsencef asymmetric PAnvooob-PAA1500DHBC. A comparison with the M@\l
system in the same synthesis conditions was also achiBiret. the composition of the
micelles obtained upon complexation of the-Aluand MgAIl mixtures at increasing
complexation ratio was studied by IGFS. Then the colloids resulting from the metal
hydroxylation in the micelles were characterized by ligattering and the LDH phase was
identified by XRD. Finally, the progressive hydroxylation of the HPIC micelles at a fixed metal
complexation ratio was carefully followed. These studies led us to establish a mechanism of

formation of the CtAl LDH -basechybrid colloids.



2. Experimental section

2. 1.Materials

The DHBCpolymerused was poly(acrylamide)b-poly(acrylic acid(PAm-b-PAA) in which
the PAA metabinding block is smaller than the BAneutral blockThe chemical formula of

the PAmb-PAA DHBC ispresented below:

The numbetaveraged molecular weights (Mn) of the PAA andPBlocks are 1500 g mdl
and 10000 g mdi, respectivelythey are indicated close to each block name, as follows:
PAmuooocb-PAA1s00 This DHBC polymer was prepared according to a wedtablished
RAFT/MADIX polymerization of acrylic aciAA) in aqueous solution usirggmacroanthate
PAmMXA1 (Layrac et al., 2015MgCl>. 6 HO, CuCh. 2 HO and AICk. 6 HO (Sigma
Aldrich) were used as sources of metal catiorsobized water (Purelab, Elga, France) was

always used for the preparation of the solutions.

The synthesis of colloidal suspensions of hybrid LDH nanoparticles proceeds in two steps, i. e.

micellization and mineralization steps.
2. 2.Micelle formation

An aqeous solution o€uCk. 6 HO (or MgCk. 6 H0), AICl3. 6 HO (atomicratio M(II) /Al
= 2) was preparedith concentrationfCu?* (or Mg?*)] = 10 mol/L and [AF*] =5.10% mol/L.

Separately, an aqueous solutiorPéimoooob-PAA1se0at a concentration @.4. 10 mol/L in



acrylate function was preparells pH was adjusted at 5.5, which corresponds to a degree of
dissociation of the acrylic acid groupsaifout50%. The two solutions were then mixed, the
amount ofPAmuoooob-PAA1s00addel to the cation solution dependeithe complexation ratio

R, which was defined as the molar ratio of acrylate groups (AA) per total amount of €éRon

= AA/(M (I1)+Al)) ; R was varied from 0 to .o maintainCu(or Mg)and Al concentratins in

the micelle suspensiom®nstant at [M"] =102 mol/L and [APF'] = 5.10% mol/L whatever the

R values deionized watewasadded in order to obtain a final volume%inl. The solutions

were stirred for 10 min before the mineralization step.

2. 3.Mineralization by coprecipitation at constant pH of Cu(or Mg)-Al cation solutions

with varying amounts of DHBC copolymer

LDH formation was mduced by cénydroxylation of Cé*(or Mg?*) and AF* at a constant pH

of 8.5 and10for Cu/?* and Md*, respectivelyupon addition of increasing amountsadfaOH
solution(0.2 molL) under air atmospher 5ml aqueous solutiocontaining0.5 ml solution of
cations Cu(or Mg)/Al = 2; [M#*] = 10 mol/L and [AB*] = 5.102 mol/L) andthe DHBC
polymer in varying amounts (Raried from 0 to 1) was added at a feeding rate of 0.4 ml/min
in 5ml of deionizedvater, whose pH was maintained&®s (Ci#*) or 10 (Mg?*) by adition of
NaOH (0.2 mol/L). The final volumeof suspensionvas of 10 ml.The colloidal suspensions
were then stored at ambient temperature in closed flasia.concentrations of [f] =5 .10

3 mol/L and [APF*] = 2.5 . 13° mol/L were thus obtained in the DHBC/LDH suspensions.

2. 4.Mineralization by progressive hydroxylation of a Cur Mg)-Al cation solution in the

absence and in the presence of DHBC copolymer (R = 0.8)

Without DHBC: 5 ml aqueous solutiogontaining 0.5 ml cation solution (Cu(or Mg)/Al =2;

[Cu?*(or Mg?")]=10" mol/L and JAI®'] = 5.102 mol/L) was titrated with NaOH (0.mol/L).



The hydroxylation degree h is defined as the molar rdt@+bions per cation (h = OH/(Cu(or

Mg) + Al)). h was varied from O to 2.6.

With DHBC: 5 ml aqueous solutiocontaining 0.5 ml cation solution (Cu(or Mg)/Al = 2; i
=102 mol/L and AI®*] = 5.102 mol/L) andthe amount ofDHBC polymerto obtain R =0.8

was titrated with NaOH (0.#ol/L). h was varied from 0 to 2.6.
2. 5.Characterization methods

The dynamic light scattering (DLS) measurements were performed at 25 °C using a Malvern
Autosizer 4800 spectrogoniometer, with a 50 mW laser source operatB®2 atim. The
scattering measurements were done at a scattering angle ©hedheasured normalized time
correlation function was analyzed by using the CONTIN algoritfime values of the
hydrodynamic diametexere calculated from the decay times usingk8sEinstein equation:

Dh = ke T/3 @D where kg is the Boltzmann constant, T the absolute temperatuhe solvent
viscosity, and D the diffusion coefficient. The Dh values are inteiasiéyaged hydrodynamic

diameters.

Powder XRay diffraction (XRD) patterns were recorded usiagBruker D8 Advance
Diffractometer and the monochromatic ®ul radiation (o= 0.154184 nm40 kV and 50
mA). They were recorded with 0.02° @ T step over the Z0° 2 Tangular range with 0.2 s
counting time per steffheacquisition of XRDpatternwasperformed on powders obtained by

evaporation of the colloidal suspensions on glass slides at 40 °C during 2 hours.

Elemental analysis of the elements in the dried coll@dapensions precipitated in dioxane
was carried out by inductively coupled plasmass spectrlCP-MS Agilent 700, for which

the samples were dissolved in6&INO;z solution.

Transmission electron microscopy (TEM) analysis was performeteosuspensiondiluted

10 times. Adrop was placed on a carboapper grid and dter a few minutes of evaporation



in air at ambient temperature, the remaining solution was sucked with a filter paper to obtain a
few particles on the grid. The sample was then charaetkuiging a Jeol 1200 EXII microscope
operated at 80 kV. The particle size distribusiamere determined using the Measure It

software.
3. Results and discussion

The nature of the intermediate micelles during the formation of stable aqueous suspensions of
PAM10000b-PAA1500DHBC/Cu-Al LDH colloids was studied, followed by an investigation of

the hydroxylation step leading to the precipitation of theACuUDH phase It was compared

to the mechanism of formation of the Pfwaob-PAA1500DHBC/Mg-Al LDH colloids in the

same experimental conditions in order to highlight the specificity induced By A previous

study dealing witlthe complexation blPAm-b-PAA of a series of divalent transition metal cations, i.
e.Ni%*, C&*, Mn?*, CU/* and Zrt*, revealed the higher selectivity for €fLayrac et al., 2015)
Consequently, the competition between cations for complexation bytHA&A DHBC might be

more favorable to Ctithan M¢*in a M** - AI** (M?" = Mg?* or Cif*) mixture of ionsTo check this
hypothesis, the formation of HPIC micelles was investigated with mixtures?#€tf and of
Mg?*-Al®* cations (M'/AI®* = 2) and asymmetric PAfsvocb-PAA1500 DHBC at increasing
FRPSOH[DWLRQ UDWLR 5 T 7KH PLFHOOHV ZHUH SU
block (dioxane in this case) and analyzed by -M®. Characterization by DLS and
identification by XRD of the LDH phase were then performedte colloidal suspensions (0

" 5 7 after hydroxylationoy NaOH Finally, the hydroxylation step was investigated in
details by performing progressive hydroxylation of the DHBGATuand DHBC/MgAI

mixtures prepared at R = 0.8.

3. 1. Formation of hybrid micelles in the DHBC/CuAl systemand comparison with the

DHBC/Mg-Al system
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Micelle suspensions were prepared by mixing the DHBC solution (pH = 5.5) with the mixed
metal cation solutions. Speciation of the DHBG/&ltand DHBC/MgAI mixtures previously
precipitated in dioxane known as a bad solvent for PAm blocks was first performed (Sanson et
al., 2005; Layrac et al., 2014). The metal cation yields in the obtained precipitates, as
determined by ICRVS, were reported in Table 1. In the two systems, #i&yelds increase

from ~ 8% at R = 0.33t0 46.4% at R = 1 for DHBCAMband from 10% at R = 0.33 to 52.5%

at R = 1 for DHBC/CtAI; thesesimilar values were clearly higher than the corresponding
yields in divalent cations. Moreover, a great differenes woted between the Ktgand C@*

yields. The Mg yield did not exceed 1% while the €uyield reached 3.5% at R = 1.
Accordingly, the M(Il)/Al atomic ratios lay in the range from 0.02 to 0.04 and from 0.005 to
0.13 with MgAl and CuAl mixtures, respecotely, for R values between 0.33 and 1 (Table 1).
The M(I)/Al ratios, though increasing with R values, remained by far lower than the nominal
value of 2. Therefore, the obtained micelles can be considered-ae&QHBC/AF* micelles

in the case of the §F*-Al®*mixture as previously reported with the less asymme&#iésooo-
b-PAmioooo DHBC polymer (Layrac et al., 2014). In the case of?'@\®* mixture,
complexation of Al* ions took place preferentially, though a small amount &f @ms were

also present in the micelles above R = 0.5. These results confirmed the higher selectivity of
PAmMoooob-PAA1500 DHBC, on one hand toward trivalent cations and on the other hand, for

Cuw?* ratherthan for M@

Table 1:Yields of M?* and AP and MY/AI®" atomic ratios in th@Amioooob-PAA1s0d M(I1)-

Al micellar systemss a function of R valyasdetermined by ICRMS.

R? DHBC/Mg-Al DHBC/Cu-AI

Mg/Al Al Cu/Al
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Al3* Mg2* Yield (%)  Cw*
Yield (%) Yield (%) Yield (%)
0.33 8.00 0.03 0.017 10.0 0.23 0.0
0.53 21.3 0.38 0.027 29.5 0.08 0.054
0.66 281 0.45 0.032 36.1 1.59 0.052
0.8 34.4 0.72 0.037 432 2.32 0.107
1 46.4 1.00 0.041 52.5 3.46 0.131

3R= AA/(M (I1)+A])

3. 2.Hydroxylated DHBC/Cu-Al colloids obtained at increasing copolymemamount and

comparison with the Mg-Al system

The DHBC/CuAI mixture (CLF*/AI® ratio of 2) was titrated by increasing the hydroxylation
ratio h (h = OH(CW?* + AI®")) from 0 to 3.5 using &laOH solution. The titration curve and
the corresponding dpH/dh derived curve allowed choosing the pH value for coprecipitation of
the DHBC/CuAI colloidal suspensions that ensured formation of the LDH phase (Figure S1).
For comparison, the titration cuweof Ci#* and AP* ions alone, with NaOH, were also
reported.In the case of Cii along an abrupt pH increase from 5 to 13 was observed
corresponding to an equivalent pointghvalue of ca. 1.5 accounting for precipitation of
paratacamite G{OH):Cl phasen agreement with the use of Cu and Al chloride precursor salts.
In the case of titration of Al, the plateau observed at pH = 4.6 followed by the pH increase
with heqvalue of 3 at pH = 6 well corresponded to the precipitation of Al@Hhe speciation
diagram (Baes, 1976). Regarding the-Alumixture (without DHBC), the titration curve
presented a plateau at pHt% and an abrupt pH increase between pH 6 and 11.cfkalbe

of 2 at pH = 8.5 corresponded to coprecipitation of thédCWDH phase. Thereafter, we chose
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the pH value of 8.5 to coprecipitate the?Cand AF* cations in the DHBC/G#\l mixtures.
DHBC/Mg-Al mixtures studied for sake of comparison were coprecipitated at pH = 10 as

previously established (Layrac et al., 2014)

Therefore, investigations were performed on DHBGATuand DHBC/MgAI micelle
suspensions hydroxylated at pH = 8.5 and 10, respectively, obtained at R values increasing from
0 to 1. The same general evolution of the macroscopic aspect of both typspesfsons was
observed (Figure 1). In the absence of DHBC (R = 0), blue/green and white precipitates were
observed for CtAl and MgAl metal cation mixtures, respectively. They corresponded to Cu

Al and MgAI LDH phases as confirmed by XRD patterns reedran the dried powders
HIKLELWLQJ LQ ERWK FDVHV DW f DQG f , UHIOHFW
reflections, respectively (Figure 2). In the presence of DHBC, macroscopic precipitates were
still observed at low R values when theras not enough acrylate entities able to complex the
cations, which then precipitated upon NaOH addition. Above a minimal R value corresponding
to the flocculation threshold and designated as R1, precipitates were not obstahedurbid

and opalescerdguspensionsere formed. Noteworthy, very different values of R1 of 0.43 for
DHBC/Cu-Al and 0.13 for DHBC/MgAI suspensions were obtained. As R was increased

further above R1poth suspensiortsecamdess turbidand were transparent at R = 1.
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Figurel: Macroscopic aspect of (A) DHBC/cAI and (B) DHBC/MgAI solutions obtained
at R values increasing from 0 to($amples corresponding to the R1 values of the flocculation

thresholds are indicated in green (A), and in red (B)).
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Figure 2 PowderXRD patterrs of (A) Cu-Al LDH at R = 0 (a); macroscopic precipitate at R =
0.13 (b), 033 (c);dried Cu4Al LDH colloids at R = 0.43 (d), 0.53 (e) and 0.66 (B) Mg-Al
LDH atR = 0 (a); macroscopic precipitate at R.89(b) dried MgAl LDH colloids at R =

0.13 (c), 0.33 (d), 0.66 (eAnd0.80 () (*NaCl).

DLS analyses were performed on the aqueous supernatants recovered below R1 and on the

stable colloidal suspensions obtained above R1. The variations of the scattered intensities of
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the hydroxylated DHB@u-Al and DHBC/MgAI colloids as a function of R were reported on
Figure 3. The same general evolution was observed for the two types of colloids. The intensity
first increasedharply up to the flocculation threshold, i. e. R1 = 0.43 and 0.13 fa&xl @und

Mg-Al systems, respectively. The intensity increase is due to the presence of increasing
amounts of stable colloidal species in the suspensions. After a maximum, the scatasay
decreased smooththen became stabknd similar for the two systesmabove R = 0.8. The
hydrodynamic diameter {{pof the colloids followed the same evolution. It decreased from 160

to 50 nm when R increased from 0.43 to 1 in the DHB&Cceolloids and from 350 to 50 nm

when R increased from 0.13 to 1 in the DHBC#®igones It must be noted that the Dh values

of the DHBC MgAI colloids were larger at the flocculation threshold than those of the
DHBC/Cu-Al colloids. As no precipitate was formed in tenge oR values,all LDH particles

were contained in the core of tbelloids. The decrease ofas a function of the complexation
degree accounted for the formation of a higher amount of smaller particles whose external

surface was stabilized by the copolymers.
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Figure3: 6 FDWWHUHG LU @W RyQrodyihemic die HW H ), asta function of the
complexation ratio R of colloidaPAmooocb-PAA1s0dCu-Al LDH (empty symbol) and

PAmMoooob-PAA150dMg-Al LDH (full symbol) particles

The presence of the LDH phase in the colloids was checked by recording the powder XRD
patterns of the films recovered after evaporation of several drops of suspensions on a glass slide.
In the case of the CAl system the XRD pattern of the macroscopiccipiate obtained at R

= 0.13, i. e. below Rlwas, as expected, similar to that of the reference sample (R = 0) and
corresponded to GAI/CO3* LDH phase (Figure 2A). Thed®3-value of 0.766 nm andd@6-

value of 0.386 nm could indistinctly correspond toititercalation of Clor CQs? in the LDH

structure However, C@ provided by CQdissolved in the synthesis solution was more likely
intercalated due both to its higher selectivity and higloeicetration ([CQ?] = ~45 . 10°

mol/L) than Ci present in lowr amount in the very diluted cation salt solutions {[€117.5 .

10°mol/L). 7KH UHIOHFWLRQ DW f , FRUUHVSRQGHG WR 1D.
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of the LDH phase by reaction ®daOH with the precursor chloride salts. NaCl was not
eliminated because no washing step was included in our experimental protocol. For the colloidal
suspensions, only the most intense (003) reflection at 11.34t@responding to d0G3alue

of 0.77 nm ad the intercalation of C£ was observed at R = 0.33, which then vanished when

R increased to 0.53 and 0.66. These features revealed the presence of stable colloidal
suspensions of GAl LDH particles. In the case dfie MgAIl system the XRD pattern othe
macroscopic precipitate obtained at R = 0.05, i. e. b#teR1 value (R1 = 0.13)yassimilar

to thereference sampl@R = 0)(Figure 2B. The XRD pattern of the evaporated colloid at the
flocculation thresholdR1 = 0.13 exhibited (003) and (006) leztions of weak intensity
corresponding to the intercalation of €OAt all R > R1 values onlya very weak (003)
reflectionshifted to dOO3value of1.26 nm was detected. This baslectioncorresponded to

the intercalation of the negatively chargedA block of the DHBC which indeed acted as
chargecompensating anion of the LDH as R incredtagrac et al., 2014)Thewider and less
intense(00I) diffraction peaks observed for the-BULDH in comparison to the Mg\l LDH

above Rlsuggested particlgizes of lower dimension in the c¢ directiith a lower amount of

stacledlayers.

TEM analysis of the dried colloids has also been performed in order to characterize the
morphology of the LDH phases. For the-8lusystem (Figure S2) the macroscopic precipitate
obtained at R = 0 (without DHBC) showed aggregat@dotropic IDH particleswith average

size higher than 80 nm in the (a, b) direction. The images of the DHB&I/CDH colloidal
suspension evaporated on the TEM grid obtained at R = 0.33, i. e. below the flocculation
threshold (R = 0.43), also showed a high densitymoéldled andanisotropic prticles of low
thicknessThe average size in the (a, b) direction was in the range from 40 to 50 nm with only
2 to 3 stacked nanosheets. This probably resulted from inhibition of growth in the ¢ direction

due to adsorption of DHBC on the (@ planesThe density and muddle as wellths average
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size of the particlegreatly decreased for R valuaisove R1Average patrticle sizes of 40 and

30 nm were indeed found at R = 0.53 and Or&6pectively.Measurement of the distance
between two sccessive sheets observed on LDH patrticles obtained at R = 0.66, allowed to
determine an interlayer space of ~1.3 nm in agreement with intercalation of the negatively
charged polyacrylate chains. For the-¥igsystem (Figure S3), TEM image of the Mg LDH
macroscopic precipitate obtained at R = 0.05, well below the flocculation threshold (R1 = 0.13),
showed a high densibf particlesn the range of 5@100 nm. For DHBC/MegAl LDH colloids
obtained above R1, and evaporated on the gridetitkency is toward a decrease of the particles
aggregatioras R increased, though they are still muddidkir size was in the range from 5

to 45 nm at R = 0.20. In both Al and MgAIl systems an increase of the degree of
complexation allowed to reduce the aggregadiot the mean size of the LDH particles formed

in the core of the colloids. However, these evolutions were observed in slight different extents
in the CuAl LDH and Mg-Al LDH, the former leading to lower aggregatidagree and mean

size

M(II)/Al atomic ratios in the PAmvooocb-PAA1s0dCu(or Mg)Al colloids recovered by
precipitation in dioxane before and after hydroxylation were determined as a function of R
increasing from R1 to 1 by ICMS. As reported above in the study of the micelle formation,
the domic ratios obtained before hydroxylation were very low in both series but slightly higher
for Cu/Al than for Mg/Al. They were by far lower than the nominal values of 2 and their
increase with R revealed that increasing the amourdsroplexing functiongavored divalent
metal ion complexatiorAfter hydroxylation of the two systems, the atomic ratios reached the
nominal value of 2 for all R value3his accounted for the coprecipitation of the LDH phase
from the HPIC micelle precursorghe study of thénydroxylated DHBC/M(II}AI colloids at
increasing complexation ratio emphasitest different behaviors were induced by the nature

of the divalent cationThe almost three times higher amount of DHBC polymer necessary to



19

avoid flocculation in the DHBC/GAI compared to the DHBC/M@\ system was consistent

with the lower Dh value and lower mean LDH particle size obtained for the former colloids.
Considering a spherical shape of the colloids, a three times higher total surface area of the
particles led to ésnate that the mean size of the-BULDH particles was cd..7times smaller

thanthat ofthe Mg-Al ones.

It can be pointed out that the characterizations of the hydroxylated DHBGM (colloids
which revealedl) the presence of the (00l) reflectiasfghe LDH phasén the XRD patterns,
(2) the characteristic morphology of the muddled and anisottdpkt particles observed by
TEM, and (3) the M(II)/Al ratios of 2 determined BZP +MS concur to clearly establish that

coprecipitation of the M(IPAlI LDH phases occutin the micellar core of the colloids.

3. 3. Progressive hydroxylation of DHBC/CuAI solutions at fixed complexation ratio (R

= 0.8)and comparison with the MgAI system

To get more insights to the mechanisms of formation of the LDH phase in the core of the
PAmMiooocb-PAA150dCu(or Mg)-Al HPIC micelles along the hydroxylation step, the titration
curves of thenetal catiommixtures (Cu¢r Mg)/Al = 2) using NaOH as the base in the presence

of the DHBC (R = 0.8) were established (Figure 4). The metal cation contents in the
hydroxylated colloids were determined by K8F5. Thecomplexation ratio (R = 0.8) was
chosen well above the flocculatitimesholdsn orderto ensurette presence of stable coitts
(Figure 3)Moreover, the titration curves and the cation contents in the macroscopic precipitates

obtained at increasing pH in the absence of DHBC (R = 0) werestldeed as references

(Figure 4.
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Figure 4 Titration curves ofA) the PAmioooob-PAA150dMg-Al mixture at 5 % G

; (B) of the PAmoooob-PAA150d CU-Al mixture DW 5 and

Figure 5: Derived dh/dpH curve as a function of pH of Cu Al ( x) and CuAl mixture (V)

at R = 0 (without DHBC).
3. 3. 1. Titration experiments ithe absence of DHBC

In the case of the M@\l mixture, the titration curve without DHBC (R = 0) showed two plateaus
(Figure 4A). The first one corresponded to precipitation of Al(©k)h an end point & =
1.17 instead ithe expected valuefi = 1 based on the stoichiometry of the solution. This shift
was due to the carbonation of the cation solution of low concentratiorf(f[Mgl*] = 7.5 .

10° mol/L)) by dissolved C@ The second plateau corresponded to formation cAMgDH
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with an end point &2 = 2.33 according to the total positive charge provided by the metal
cations. In the case of the @Uimixture at R = 0, only one plateau at pH ~ 4.4 followed by an
increaseo the end pointd3= 2.33 at pH = 8.5 corresponding to total precipitation was observed
during the titration, as previously reported (Figure 4B). In order to get more insights into the
hydroxylation process, the derived curves dh/dpH as a function of fit¢ C3*-Al** mixture

and of C@" and AF* ionsalone werealepicted orFigure 5.They allowed putting clearly into
evidence the pH values of precipitation of the different phases. In the case of tlieGied

curve, a peak was observed at pH = 4lloWed by a broader peak with a maximum at pH =
4.2 accounting for precipitation of hydroxylated carbonate copper species. In the case of the
derived curve of AY, a maximum was observed at pH = 4.5 which corresponded to
precipitation of A{304(OH)4(H20)12"* (Al1s Keggin polycation) species in the speciation
diagram (Baes, 1976). It is then noteworthy that the singledtaining species precipitated

0.4 pH unit below the single Alontaining ones. Such behavior could have induced a direct
coprecipitation of the Gél LDH phase during titration of the Guand AP* ions mixture by

the alkaline solution as suggested by Boclair and Braterman (1998). However, this is
inconsistent with the derived curve dh/dpH as a function of pH of tR&a@AI®* mixture
exhibiting two maxima at pH = 4.3 and 4.They revealedwo steps of precipitatioand thus,

a sequential mechanism of formation of-&IULDH.
3. 3. 2. Titration experiments ithe presence of DHBC

Addition of PAmigooocb-PAA1500 DHBC to both CuAl and MgAIl metal cation mixture
solutions led to a decrease of the initial pH from 3.9 to 3.3 (pH = 3.3 before the hydroxylation
step). This was due to complexation reaction of the metal ions by the carboxylic acid functions
of the PAA locks leading to proton release in solution and formation of the acryMfe
complex. In comparison to the titration curves obtained in the absence of DHBC, that of the

Mg-Al system obtained in the presence of Pégar-b-PAA1500DHBC (R = 0.8) presentddss
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distinct plateaus exhibiting a slight slope, and less abrupt pH increase at their end (Figure 4A).
Noteworthy, hgicorresponding to the complete precipitation of Al(@Was shifted from 1.17

in DHBC-free conditions to 0.67 in the presence of DHBRCH0.8), with concurrently a pH
increase extendeoh a larger h range from 0.7 to 1.5. The shift of thg to a lower value
accounted for the complexation of part of thé*Adns yielding a reduced amount of*Alons
available for the hydroxylation aetion and the formation of Al(Okl)These changes in the
general shape of the curve in comparison to DHE€ conditions accounted for different
speciation of metal cations in solution. It contains free cationic species together with acrylate
complexed ratal cations with varying complexingtios. Therefore, hydroxylation reaction
occurs on a wideange of hydroxylation ratios and pHs. For the/Acation mixture in the
presence of DHBC, changes in the general shape of the titration curve were bys far les
pronounced (Figure 4B). This could be expected since the two very close precipitation steps,
only separated by 0.45 pH unit in the absence of DHBC, will be smoothed in the presence of

DHBC.

In summary, comparison of the titration curves of'€@l®*and Md¢*- Al®* ionic solutions
(Figures 4A and B) showed that the general mechanism of LDH formation was similar in the
absence or in the presence of Phdir-b-PAA1s00DHBC and, importantly, was sequential in

the two systems. The M@l LDH coprecipitation was delayed on a larger range of
hydroxylation ratio in the presence of DHBC due to the competition between metal
hydroxylation and complexation reaction by PAA blocks (which led to the formation of
exclusively DHBC/AP* HPIC micelle3. The complexationeaction influenced the behaviok

the DHBCLCW?*-Al®* mixturein a smaller exterliecauséhe two precipitation steps of the LDH

phase appeared almost merged.

3. 3. 3. Speciation of the precipitates obtainedfie absence of DHBC
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The Cu and Al yields were measured in the macroscopic precipitates formed all along the
process of titration of the GAI mixture using NaOH at R = 0. Noteworthy, Cu and Al
precipitated abruptly and in a parallel way since the beginning of the hydrory(&igure

6C). The Cu and Al yields at the pH values corresponding to the two maxima observed in the
derived curve (dh/dpH = f(pH), Figure 5)) were particularly examined. At pH = 4.1, Cu was
not present in the precipitate and the Al yield reached ca. PB&0Al yield abruptly increased

to 60% at pH = 4.3 while that of Cu increased in a lower extent to ca. 10%. The Cu and Al
yields then reached 56.5% and 100%, respectively, at pH = 4.75 corresponding to the second
maximum in the derived dh/dpH = f(pH) cunand reached 84.8% and 100%, respectively, at

pH = 5.1 corresponding to the end of this second peak. These results allowed to assign the first
maximum in the derived curve (pH = 4.3) to aluminpwly(hydr)oxide species because
practically only aluminum wa precipitated. The Cu and Al yields obtained at the second
maximum at pH = 4.8 would correspond to the establishmentiofdibxo bridges between
copper and aluminum poly(hydr)oxide species thus forming the precursors of-thie_Ou

phase which precifted at pH = 5.1. Between pH 4.8 and 9 the Al yield decreased slightly
from 100% to 95% when concurrently the Cu yield increased from 85% to 98%. As complete
coprecipitation of the Gél LDH phase has occurred, the slightly higher final Cu yield could
bethe result of formation of excess €antaining phase, which could not be identified by XRD

because in too low amount.

Therefore, from careful examination of the titration curves and of the Cu and Al yields in the
precipitates during the titration expeents of the CtAl mixture in the absence of DHBC (R
= 0) (Figure 6C), a mechanism of formation of thgH phase in two steps cdre suggested.
The first step occurring at pH = 4.3 corresponded to precipitation of aluminum oxohydroxide

framework, containingnainly Aliz species. Their polycondensation was then going on between
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pH = 4.3 and 4.75 with, at the same time, incorporation of copper leading to complete

precipitation of the C1Al LDH phase.

Regarding the Mg\l system, the evolution of the Mg and Alelds in the macroscopic
precipitates obtained at R = 0 upon hydroxylation (Figure 6A) were consistent with the
mechanism of formation of M@l LDH already described (Boclair and Braterman, 1999;
Rhada and Kamath, 2003; Seron and Delorme, 2008j.aAd My?>* were present as free
cations in solution at pH = 4.5. The Al yield increased abruptly above pH = 4.5 reaching 76%
at pH =5 due to the formation of aluminum poly(hydr)oxide precipitate precursors of Al(OH)
Concurrently the Mg yield increased in a racate rate to 14%. The Al yield reached 94% at
pH = 8 corresponding to complete precipitation of Al(@thile that of Mg increased only
slightly to 18%. Then the Al yield decreased from 94 to 78% between pH 8 and 9 when,
remarkably at the same time, thegyMield increased abruptly from 18 to 40%. This was in
agreement with the mechanism generally accepted of partial dissolution of Al{Qbi)
Al(OH)4 species above pH 8 followed by coprecipitation of dissolved aluminum and free
magnesium ions to givdihydroxo Mg(OHAI bonds initiating the formation of the M4l

LDH phase (Boclair and Braterman, 1999; Seron and Delorme, 2008)). These dihydroxo
Mg(OH)Al bonds and the formation of the LDH phase occurred in a larger extent when the

pH was raised to 9eecause the Mg yield reached 85% in the colloids.

By comparing the behavior of the @ and MgAl systems upon progressive hydroxylation
in the absence of DHBC, it can be underlined that thldLDH was totally formed at pH ~
5.5 from aluminum poly(hydoxide precursor species while Mg LDH was formed at pH ~

8 from AI(OH): precursor. Beside the different nature of thecahtaining species in the LDH
precursors, the different behavior of the Mg andb@sed systems also accounted for the lower

solubility of Cu(OH) (pKs = 18.7)compared tdMg(OH)2 (pKs = 10.8§. That makes very close
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the precipitation pHs of Cu(Okland CuAl LDH, while theywere well separated in the case

of Mg(OH) and MgAI LDH.

Figure 6: Cationic yields of (A) Mg V), AI®* (") in the macroscopic precipitates at R = 0; (B)
Mg?* (), AP (") in thePAmuoooob-PAA1s0dMg-Al colloids at R = 0.8, (C) C& (), AP ()
in the macroscopiprecipitatesat R = 0; (D)CU?* (), AI** () in thePAmuoooob-PAA150d CU-

Al colloids at R =0.8as a function of pH value determined by {OIS.

3. 3. 4 Speciation of the colloids obtained in the presence of DHBC

In the presence of DHBC, the evolutions of the metal cation yields as a function of pH were

reported on Figure 6D for the PAggocb-PAA1s50d Cu-Al and on Figure 6B for the PAgsboo
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b-PAA150dMg-Al colloids (R = 0.8). In the two cases, about 35 to 60% of Al cations were
initially complexed at pH = 3.3. At pH = 4.3 the Cu and Al yields reached 9.8% and 74.5%,
respectively, and were thusthe same range, as in the absence of DHBC. At pH = 4.75 the Cu
and Al yields increased to 31.5% and 88.5%, respectively, being lower than in the absence of
DHBC (84.8% and 100%, respectively) suggesting that, in the presence of DHBC, the
precipitation & the LDH phase was slightly shifted toward higher pH value. Indeed, complete
precipitation with Cu and Al yields reaching 94% and 98%, respectively, occurred at pH =6 in
the absence of DHBC. Complete precipitation occurred at pH = 6.4, thus about Qmit pH
above, in the presence of DHBC, with Cu and Al yields reaching 98% and 100%, respectively.
The evolution of C&f and Md¢* atomic fractions (M"/(M2* + Al®*)) in the precipitated colloids

as a function of pH during hydroxylation of the DHBC/M{H) mixtures were reported on
Figure 7. It clearly showed that precipitation occurred in a very different pH range from 4 to 6
for Cu-Al mixture and from 6 to 9 fag-Al mixture. It is associated with higher slope of the
curve in the former case (0.40 for-@liversus 0.22 for MeAl), which probably indicated a
higher rate of formation of the €Al di-hydroxobridges compared to the Mél hydroxoones.
Noteworthy, the maximum atomic fraction of digat cation of ca. 0.64 was close to the

nominal value 0.66 in both cases.
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Figure7: Evolution of the C&f + D Q@& &tomicfractionsas a function of pH during
hydroxylation of the (Cti + AI®*) and (Mg* + AI®*) mixtures by NaOH in presence of

PAmiooocb-PAA1s00at R = 0.8.

XRD and TEM analyses revealed that the mean size and aggregation degree eAtih®8u
colloids are lower than those of tig-Al LDH ones It must be noticed that hydroxylation

was achieved at pH = 8.5 in the DHBCHBL system and at pH = 10 in the DHBC/Mg
system, therefore about-B and 1.5 pH units, respectively, above the complete precipitation
of the CuAl and MgAIl LDH phases, as observed on Figure 7.-AZuLDH was thus
precipitated at a slightly higher supersation ratio than the M@l LDH. This feature and the
faster precipitation of the LDH could account for a higher nucleation rate and then a lower mean

particle size and aggregation degree of theACLUDH particles.
3. 4. Insights about the mechanisms of formation

The mechanism of formation of €Al LDH was scarcely described in previous works. It was
a typical case where the relatively low solubility of Cu(@&t)d the high solubility of AI(OH)

led to consider asgssible the direct orstep formation o€Cu-Al LDH. Boclair and Braterman
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(1998) indeed claimed the direct formation of sulfatedXCUDH (Cu/Al = 2), corresponding

to the natural mineral calledoodwardite, but dichot giveexperimental pieces of evidendn

the present work, we showed that a simple coppataining hydroxide precipitated about 0.4

S+ XQLW EHORZ WKH DOXPLQXP K\GUR[LGH RQHVY DQG ERWE
dh/dpH as a function of pH of the @ metal cations mixture titratd with an alkaline solution
revealedwo clear maxima according to a precipitation mechanism in two steps of the LDH.
The key feature is that the first step at pH = 4.3 with concurrently the presence of almost only
aluminum species in the precipitagejdenced thaaluminumpoly(hydr)oxide species formed

at this pH were the true precursors of the LDH phase. The LDH was formed in the second
precipitation step at pH= 4.8 by combination of ghieminum polyfiydr)oxide species with
dissolved coppebasedspedes. This showed that the involvement of copper in-8uLDH

phase was more thermodynamically favorable than in Cu{OHhese results demonstrated
that direct coprecipitation in orstep of LDH probably never occurred when aluminum was
the trivalent catin. Moreover, he nature of the aluminum precursor of theATWDH was in
agreement with the speciation of aluminbyuroxide species existirig the pH range 45 of
coprecipitation of the LDHIn the case of M@Al mixture the results obtained in the peat

work were in line with those depicted in our previous study (Layrac et al., 2014). A sequential
mechanism in two steps of formation of LDH was evidenced with first precipitation of AJ(OH)
then dissolved and combined with Mgpns in solution to form the M@l LDH phase at a pH

about 2 units below that of precipitation of Mg(QH)

In the presence of DHBC, the general mechanism of formation of the LDH was similar in both
Cu-Al and MgAI systems to those in the absence of DHBIGwever, the coprecipitation of

the LDH was slightly shifted at higher pH due to competition between hydroxylation and
complexation of the ionic species by the PAA block of DHBC. Moreover, differences were

observed for the micelles formed in the two type®HBC/M?*-Al®* systems. In the case of
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DHBC/Mg?*-Al®", intermediate DHBC/AT HPIC micelles were exclusively forme@he
DHBC/AI®** HPIC micelles led to DHBC/MghAlI LDH colloids upon hydroxylatiomntil pH =
10following the mechanism previously describeith first dissolution of Al(OH} formed at

~ pH = 6 and second, progressive integration Bfg?* in the micellar core acting as
nanoreactorin this two-step process, increase of Migand AP* yields in the precipitated
colloids as the pH increased was obviously-noncomitant starting two units higher for Mg

i. e. after complete hydroxylation of &lions. In the case of DHBC/EuAI®*, higher CGYAI3*
atomic ratios were observed albng hydroxylationwhatever the complexation ratio, and the
flocculation threshold R1 value was abdiutee times higher than in DHBC/MIgAI®* (0.43

for Cu-Al and 0.13 for MgAl). DHBC/Cu*-Al®* micelles then contained &lin large amount
and Cd* in minor amount. This was in agreement with the remarkable affinity of the PAA
block of the polymer for Gii by far higher than for Mg. The reasons why the @\l LDH
particles are smaller than the MdLDH ones are: i) the higher precipitation rate of theAl

LDH in the micellar core upon hydroxylation occurring in a pH range of ~ 2 pH units, instead
of more than a3 pH units for MgAl LDH, and ii) the high supersaturation ratio of
coprecipitation. This was in agreement with the three times higher anfddHBEL necessary

to stabilize the GWAlI LDH particles than the M@Al LDH ones at the flocculation threshold

(R1).

All these results led us to suggest a mechanism of formation-8f CDH reported in scheme

1.
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Scheme 1: Schematic representation offtweation of the DHBC/CtAl LDH colloids in

water by progressive hydroxylation.

4. Conclusions

The formation of CtAl LDH phase represented a case study among this family of layered
materials because firstly, coprecipitation occurs at a quite low pHodihe close solubilities

of the simple AlI(OH) and Cu(OH) hydroxides, and secondly, introduction of?Cin the
octahedral sheets is not obvious due to the -Jalier effect. The mechanism of LDH
formation was not yet clearly established and directemmpitation by cehydroxylation of the

two cations was suggested in the literature. This was a strong incitement to compare the
coprecipitation of the Gl LDH phase by conventional progressive hydroxylation of a

mixture of Cd* and APF* ions (C#*/AI®* = 2) and of this mixture of cations in the presence of
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PAmM-b-PAA DHBC polymer. Complexation of Gtiand APF* ions by PAA blocks must indeed

lead to HPIC micelles and then to coprecipitation of theACUDH in a confined nanoreactor

able to influence the mechanism of formation and the properties of tiA IMH particles. A

specific feature was that the higHimity of acrylate functions of the DHBC polymer for €u

made poorly competitive the complexation of?Cand AF* by PAA. Careful analysis of the
titration curve of the Cti-Al** ion mixture by NaOH and of the composition of the macroscopic
precipitatesn the absence of DHBC, clearly established a sequential mechanism of formation
of CWw$O /'+ DW S+ 7 W JRHV WKURXJK WKH SUHVHQFH ILL
precursors which then incorporate the copper cations. The same mechanism prevails in the
presence of PAr-PAA DHBC polymer and stable agueaaloidsof Cu-Al LDH have been
obtained. The HPIC micelles initially formed at lower complexation degree contain almost
exclusively aluminum. Then Glicontent increases as the complexation degreedses. Upon
hydroxylation, the Al* and C@" contents in the colloids increase concurrently in a narrow pH
range of about 2 units and led to pure&UWDH phase atapH = 5.5. The metal complexation
degree allowed controlling the particle stability and theACWDH particle sizes. Smaller
average particle sizes of the-BuULDH particles were obtained compared to the-Md_DH
particles, which could result from thapid nucleation and complete coprecipitation of the LDH
phase. These low particle sizes were consistent with the higher DHBC amount needed in the
DHBC/Cu-Al mixture to stabilize the colloidal particles at the flocculation thresholdP@arly
aggregated Gl LDH particles were evidenced by TEM, and their average size varied in the

range from 30 to 40 nm.

These results showed that the sequential mechanism of LDH formation is probably involved in
all aluminumcontainingLDH, though with a different nature dhe precursors in solution
depending on the nature of the divalent cation. Using DHBC in aqueous solution to obtain stable

colloidal suspensions of LDH can potentially be extended to a wide variatgupliesof
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divalent and trivalent cations because?Mand C@* represent two extreme cases regarding

solubility of the hydroxides and affinity for complexation by DHBC.
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FigureS1 Evolutionof the pH (ajand of dpH/dHb) in function of h aR = 0 (vithout DHBC)
duringtitration of Cu?* (0.10 mol.I"%) (), AI®* (0.05 mol.fY) (") and (C@* + AI®*) (0.15 mol.

1) (") by NaOH (0.2 mol.I%)).
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Figure S2: TEM images of (A) Gal macroscopic precipitate (R = 0), and of the DHBG/Cu

Al LDH colloids at (B) R = 0.33, (C) R = 0.53 and (D) = 0.66.
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Figure S3: TEM images of (A) M@l macroscopic precipitate (R = 0.05), and DHBCAHY

LDH colloids at(B) R = 0.20 and (C) R = 0.33.
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