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Abstract: A graphene-containing LDH was prepared by re-hydration of the oxides produced by the 15 
calcination of an organic LDH. While the memory effect is a widely recognized effect on oxides 16 
produced by inorganic LDHs, it is unprecedented from the calcination/re-hydration of organic 17 
ones. Different temperatures (400, 600 and 1100°C) were tested, on the basis of thermogravimetric 18 
data. Water instead of a carbonate solution was used for the re-hydration, with CO2 available from 19 
water itself and/or air to induce a slower process with an easier and better intercalation of the 20 
carbonaceous species within the layers. The samples were characterized by X-ray Powder 21 
Diffraction (XRPD), IR and Raman spectroscopy and scanning electron microscopy (SEM). XRPD 22 
indicate the presence of carbonate LDH mixed with a layered phase with a larger d-spacing. IR 23 
confirmed that the prevailing anion is carbonate, coming from the water used for the re-hydration 24 
and/or air. Raman data indicated the presence of low-ordered graphenic species moieties and SEM 25 
the absence of separated graphene of graphitic sheets, suggesting an intimate mixing of the 26 
carbonaceous phase with reconstructed LDH. Organic LDHs gave better memory effect after 27 
calcination at 400°C. Conversely, the graphenic species are observed after rehydration of the 28 
sample calcined at 600°C with a reduced memory effect, demonstrating the interference of the 29 
carbonaceous phase with LDH reconstruction and the bonding with LDH layers to form a 30 
graphene-LDH nanocomposite.  31 

Keywords: Layered Double LDHs; Graphene; Mixed Oxides; Re-Hydration; Memory Effect. X-ray 32 
Diffraction, Raman Spectroscopy, Scanning Electron Microscopy,  33 

 34 

1. Introduction 35 
Layered double hydroxides (LDH) are materials that have attracted a lot of interest in the last 36 

years [1–3] thanks to the possibility to act as an host for different inorganic or organic anions that can 37 
be intercalated between the mixed metals (e.g. Zn/Al or Mg/Al) hydroxide layers to counterbalance 38 
the positive charge of the layer. The applications of layered double hydroxides span from catalysts 39 
[4–7] to host for drugs or cosmetics, [8–13] to polymers additives to improve thermal stability and 40 
flame resistance [14–17] to adsorbents for decontamination [18–21]. The exchange of the anion and 41 
the intercalation of organic anions can be achieved in different ways, which are covered extensively 42 
in the literature [3]. One of the methods used in particular for the intercalation of large organic 43 
anions is reconstruction upon hydration by exposure to air or to a solution containing the organic 44 
anion after the calcination of the inorganic LDH, exploiting the so called “memory effect” [22] of 45 
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LDHs. The memory effect is an intriguing property of LDH and it consist in the ability of recovering 46 
the LDH structure after its collapse induced by thermal treatment [23–25]. The maximum 47 
temperature allowing the reconstruction of the structure depends on the LDH type but it is usually 48 
below 500°C [26]. While there are many papers regarding the thermal characterization of the phase 49 
changes induced on inorganic LDHs by thermal treatment [27–30] and their reconstruction [24–50 
26,31] the number of studies on this aspect for hybrid LDHs is rather limited [32–34]. The 51 
rehydration can be carried out by a carbonate solution [35] or deionized water with carbonate 52 
coming from CO2 in the water itself/and or air [36] [37] [38].The re-hydration is of course facilitated 53 
and faster when carbonate is given in stoichiometric ratio or excess amount in the solution used for 54 
the reconstruction. 55 

In this work we tried to investigate the less known part of the “memory effect”, e.g. the 56 
hydration of oxides obtained by calcination of organic LDHs, with the goal of obtaining layered 57 
phases, mixed to carbonaceous graphene-like layers. Thermal treatments of both inorganic and 58 
organic LDHs were carried out by a TGA experiment to have better control and to be able to track 59 
the weight loss. X-ray Powder diffraction was used to assess the degree of reconstruction and IR 60 
spectroscopy to identify the anionic species. Finally, a Raman spectroscopy combined to scanning 61 
electron microscopy study was performed on the carbon-containing LDHs to confirm the presence 62 
of graphene-like low-ordered carbonaceous phases, mixed and/or intercalated within LDHs. 63 

2. Results 64 
2.1. Sample preparation and TGA and XRPD analysis 65 

 Two samples were chosen for this study. The first sample is an hybrid Zn/Al LDH intercalated 66 
with the NSAID drug Flurbiprofen (Flur) and obtained by Liquid assisted grinding (LAG) method 67 
[11,39,40] and hereafter called LDH_Flur. The second sample is the Zn/Al nitrate intercalated LDH 68 
used to prepare the hybrid sample, hereafter called LDH_NO3, as reference material with known 69 
“memory effect” properties. TGA was exploited to both identify the best temperature treatments 70 
and prepare the calcined samples. In this way, it was possible to follow the calcination and weight 71 
loss of the samples treated at the various temperatures (Figure 1). Three temperature were chosen: i) 72 
400°C when a first degradation occurred with a weight loss much smaller with respect to the organic 73 
content; ii) 600°C where the degradation of the organic is complete and only a residual carbonaceous 74 
phase should be present; iii) 1100°C where the degradation and elimination of organic moieties are 75 
complete.  76 
 77 

 78 
Figure 1: TGA carried out to prepare the samples used for the characterization 79 
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The two samples used as starting materials and the three thermal treatments resulted in six final 80 
samples summarized in Table 1. Figure 2 reports the XRPD patterns of the starting materials and of 81 
flurbiprofen alone as a reference, evidencing a high degree of crystallinity.  82 

 83 

Table 1: Sample prepared by thermal treatment in the TGA furnace. 84 
 Temp. treatment (°C) 

Starting Sample 400 600 1100 
LDH_NO3 LDH_NO3@400 LDH_NO3@600 LDH_NO3@1100 
LDH_Flur LDH_Flur@400 LDH_Flur@600 LDH_Flur@1100 

 85 

 86 
Figure 2: X-ray Powder diffraction of the starting samples. 87 

 88 
2.2 Optimization of the re-hydration protocol  89 

The re-hydration was carried out on calcined samples using deionized water instead of a 90 
carbonate solution. In this case, carbonate is formed by adsorption of CO2 from the deionized water 91 
and/or the air and fixation. This choice, alternative to using a carbonate solution was done to induce 92 
a slower reconstruction process with an easier and better intercalation of the carbonaceous species 93 
within the layers. At first, XRPD was carried on the rehydrated samples to assess the degree of 94 
reconstruction, calculated as ratio between the LDH and ZnO peaks. In this way, the various 95 
protocols used for the re-hydration were tested and optimized. Two approaches were used, also to 96 
overcome the problem of the low wettability of the samples, being rather hydrophobic. A first 97 
method was a LAG-like approach that consisted in mixing and gently grinding the sample and then 98 
adding few drops of distilled water. In a series of preliminary measurements, the re-hydration was 99 
repeated at intervals of hours and days, thus alternating hydration and ageing to develop and test 100 
the protocol. In a second approach, the hydration was carried out in a sealed vial, to prevent 101 
evaporation.  102 
 103 
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2.2.1 Short-time hydration  104 
To assess the duration of the re-hydration process an in situ XRPD experiment was attempted 105 

collecting one pattern, limited to the 9-14° 2θ region, every one minute for one hour. These 106 
preliminary experiments demonstrated very limited degree of reconstruction in the LDH_NO3@600 107 
because the reconstruction is a slow process requiring days and not minutes or hours (see Figure SI-2 108 
and Figure 3). Moreover, when measuring in the open sample holder, evaporation is faster than 109 
re-hydration, therefore a way of minimizing evaporation resulted mandatory. Therefore, in a second 110 
series of experiments the samples were mixed and hydrated in a mortar, covered with a parafilm, 111 
then measured after 1 and 24 hours.  112 

As a first indication the reconstruction was unsuccessful, independently on the method, on the 113 
inorganic sample treated and 1100°C and the residual mass after calcination at 1100°C for the 114 
organic samples was a very small difficult to manage amount, the organic samples at the highest 115 
temperatures were not characterized.  116 
 117 

 118 
Figure 3: Selected patterns (one every 10 minutes) from the in situ XRPD experiment on 119 
LDH_NO3@600 sample 120 

 121 
In the XRPD pattern of the Zn/Al_LDH_NO3 sample calcined at 600°C (Fig 4A) the broad band 122 

centered at about 23° demonstrate the presence of an amorphous Al(OH)3 phase, while the sharp 123 
peaks correspond to crystalline ZnO (ICDD 75-0576). The reconstruction, performed as described in 124 
the experimental section was monitored by XRPD within 1 and 72 hours. 125 
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 126 
 127 
Figure 4: XRPD pattern of the Zn/Al LDH _NO3 calcined at 600°C (A); after 1 hour rehydration (B), 128 
after 24 hours (C), and after 72 hours (D). 129 

It can be noticed that the layered peaks of the LDH structure have appeared at 11.70° and 23.48° 130 
but the peaks of ZnO are still present, indicating that the complete reconstruction or the LDH 131 
structure is not achieved after 24 hours of rehydration (figure 4C). This is in agreement with Rocha et 132 
al. [26], stating that if the calcination temperature exceeds 550°C more time is necessary to achieve 133 
full reconstruction. However, in this case even after 72 hours the reconstruction is not complete as 134 
demonstrated by the presence of the mixed oxide peaks also in the XRPD pattern collected after 72 135 
hours (figure 4D). 136 

In the XRPD pattern of the Zn/Al_LDH_Flur calcined at 600°C (Fig 4A) there is a large 137 
diffraction band between 12* and 29° 2θ attributed to Al(OH)3 and the ZnO peaks as in the 138 
Zn/Al_LDH_NO3 sample.. 139 

The in situ rehydration experiment of LDH_Flur@600 was performed as described in the 140 
experimental section, using the same protocol of the inorganic LDH. No appearance of the LDH 141 
peaks was observed at any time, indicating that reconstruction did not occur in this case, as can be 142 
seen in Figure 5, where the XRPD patterns collected after 72 hours are shown and in Figure SI-2 143 
showing the patterns collected during the in situ experiment. 144 
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 145 
Figure 5: XRPD pattern of the Zn/Al LDH_Flur calcined at 600°C (blue) and after 72 hours 146 

(black). 147 
 148 
The sample of Zn/Al_LDH_Flur calcined at 1100°C was also analyzed by XRPD. The pattern, 149 

shown in figure SI-3 shows the presence of the broad band of Al(OH)3 and the ZnO peaks. 150 
Moreover, a spinel ZnAl2O4 phase is present, matching the mineral Gahnite. The presence of this 151 
phase, typical of LDHs calcined above 1000°C, is known to inhibit the reconstruction [26], and in fact 152 
no change of the XRPD pattern occurs during the rehydration experiment. 153 

Therefore, the samples treated at 1100°C were abandoned, concentrating the interest on 400°C 154 
and 600°C ones. Moreover, the hydration protocol was changed to allow a longer hydration, while 155 
preventing evaporation. 156 

 157 
2.2.2 Long-time hydration in a vial  158 
A sealed vial was chosen and the time was increased to 14 days then hydration is repeated and 159 
prolonged to 28 days, as detailed in the experimental section The samples obtained by the longer 160 
re-hydration in a sealed vial are listed in Table 2. In this case a good degree of reconstruction was 161 
obtained (Figure 6). Repeating the hydration helped obtaining an high reconstruction yield and 162 
incresed crystallinity (see CS_L values obtained by Rietveld refinement of XRPD data in table 3), 163 
expecially in the case of the organic containing LDH.  164 

Table 2: Summary of samples and treatments 165 
 Treatment temp (°C) 

Starting sample 14 days hydration 28 days hydration 
LDH_NO3@400 LDH_NO3@400_14d LDH_NO3@400_28d 
LDH_Flur@400 LDH_Flur@400_14d LDH_Flur@400_28d 
LDH_NO3@600 LDH_NO3@600_14d LDH_NO3@600_28d 
LDH_Flur@600 LDH_Flur@600_14d LDH_Flur@600_28d 

 166 
The XRPD pattern obtained after re-hydration of the inorganic samples (Figure 6 top) indicated 167 

that the reconstruction is already good after 14 days, and only a limited increase of the LDH peaks is 168 
observed after the second rehydration to arrive to 28 days of ageing. The ZnO oxide peaks are still 169 
present evidencing a fraction recalcitrant to hydration also with the long time protocol. In the 170 
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organic LDH (Figure 6 top) the second re-hydration gave an important increase of the LDH peaks, 171 
especially if the calcination was carried out at 600°C. Moreover, a third phase is observed with peaks 172 
corresponding to a layered phase but at larger d-spacing with respect to carbonate LDH.  173 

 174 
 175 

 176 
Figure 6: XRPD data before and after 14 and 28 days of ageing for the samples calcined at 400 and 177 
600°C. 178 

 179 

To quantify the degree of re-hydration and to investigate the third phase present after 180 
rehydration of the organic samples, a Rietveld refinement was carried out (see Figure SI 5-12 and 181 
Table 3). To further investigate the nature of the samples a spectroscopic and microscopic 182 
investigation is carried out.  183 

 184 

 185 

 186 
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Table 3: Results of the Rietveld fit on the samples. The % of the phases and c parameter of the LDH 187 
phases are reported. 188 

% LDH_1 % ZnO c LDH_1 [Å] 
CS_L 
LDH_1[1] 

LDH_NO3@400_14d 19.04 66.75 23.4(1) 5 
LDH_NO3@400_28d 59.72 40.28 23.6(7) 8 
LDH_NO3@600_14d 26.23 73.77 22.69(4) 77 
LDH_NO3@600_28d 31.36 68.64 22.69(4) 78 
LDH_Flur@400_14d 78.75 21.25 22.67(6) 42 
LDH_Flur@400_28d 85.33 14.67 22.67(6) 42 
LDH_Flur@600_14d 65.30 34.70 22.68(8) 66 
LDH_Flur@600_28d 72.90 27.10 22.67(6) 80 

[1] Cristallite size parameter (CS_L) of the main LDH phase. Larger values correspond to higher crystallinity. 189 
 190 
The Rietveld analyses confirm that the hydration of inorganic LDH_NO3 sample gave more 191 

crystalline LDH if it was calcined at 600°C with respect to 400°C, even if the amount is larger at the 192 
lower temperature. Conversely, the hydration of the calcined flurbiprofen-containing sample gave 193 
in both cases crystalline LDHs after rehydration, and the sample prepared at 400°C a larger amount 194 
(79 vs. 72%) of layered phases. Since the samples after 28 days of reconstruction gave a larger degree 195 
of reconstruction, the spectroscopic and morphological characterization was carried out only on 196 
these samples. It is moreover noticeable by looking at the XRPD patterns of wet samples (Figure 197 
SI-13) how the formation of a larger amount of amorphous phase is correlated to a higher degree of 198 
reconstruction when the sample is dried. 199 

 200 
2.3. Spectroscopic characterization  201 

A reflectance micro-IR measurement (Figure 7) was carried out to assess the nature of the 202 
sample and in particular of the anion after the reconstruction. The optical inspection indicated the 203 
presence of black aggregated in the samples prepared form organic LDHs, while it was white for the 204 
inorganic ones. In both cases, an evident band at ~1350 cm-1 was observed indicating the presence of 205 
carbonate. This confirm that the re-hydration occurred intercalating carbon dioxide from both water 206 
and air as interlayer anion, thus confirming the great capability of CO2 absorption of the prepared 207 
oxides. 208 

 209 
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 210 
 211 
Figure 7: IR reflectance data on the samples after the samples after 28 days of reconstruction. 212 

Raman spectroscopy (Figures 8 and 9) can be employed to further investigate the conversion of 213 
species in the rehydration and the fate and conversion of the organic intercalated molecules into 214 
carbonaceous species. 215 

Considering the Raman spectra of thermally treated nitrate LDH (Figure 8A), before hydration 216 
the sample treated at 400°C highlights the presence of residual nitrate ions (featuring the peak at 217 
1050 cm-1) [28] and a signal around 440 cm-1 that, according to literature, can be related to 218 
Zn-O/Zn-OH stretching modes [41]. Comparing the calcined samples at 400 and 600°C, the main 219 
evidence is the loss of the signal due to nitrate ions, that appear to be completely removed after the 220 
treatment at higher temperatures. This is highlighted in the comparison of the spectra reported in 221 
figure 8A. 222 

 223 
 224 
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 225 
 226 

Figure 8: Raman data of LDH_NO3 after calcination at 400°C (orange) and 600°C (black) in the 1200 – 227 
100 cm-1 range (A) and in the 4000 – 3000 cm-1 range (B) before rehydration (dotted lines) and after 228 
two hydrations and a total of 28 days of ageing (solid lines). Raman spectra are collected on the same 229 
on the same instrument with red laser (633 mn) for samples before hydration and green laser (532 230 
nm) for doubly hydrated samples. 231 

Upon the recovery of the structure due to hydration, two main contributions appear in the 232 
spectra of the samples treated at 400 and 600°C respectively. The peaks at low frequency (around 233 
150, 440, 495 and 550 and minor signals between 250 and 350 cm-1 in Figure 8A) [42] of the sample 234 
treated at 400°C can be evidences of the recovery of hydroxylic layered structure. The sample at 235 
400°C, highlights the shouldering of the nitrate peak by a component at higher frequency due to the 236 
formation of carbonate ions, with a typical Raman peak at 1060 cm-1. The sample treated at 600°C 237 
after recovery differs from the sample treated at 400°C for the increase of the intensity of the layered 238 
structure vibrational features, but in particular for the signals related to the interlayer ions. In this 239 
case, the most evident aspect is the formation of CO32- anions as unique species, highlighted by the 240 
presence of the related peak at 1060 cm-1. Comparing the spectra, Raman profiles confirm that the 241 
higher the temperature of treatment, the higher the extent of decomposition of nitrate ions and of the 242 
conversion of layered hydroxides to ZnO/Al(OH)3 species, and the greater the effectiveness of the 243 
structural recovery. A further evidence between these two samples can be noted in the hydroxyl 244 
stretching region shown in the (Figure 8B), where samples treated at 400 and 600°C reveal the 245 
gradual formation of the patterned profile reported in literature, consisting in three bands at around 246 
3355–3360, 3440–3455 and 3535–3580 cm−1 [42] .  247 

Conversely, the samples originating from flurbiprofen- intercalated analogues (Figure 9) show 248 
only very weak signals coming from the inorganic fraction, close to the 300-500 cm-1 region (spectra 249 
of nitrate analogues are reported in Figure 8 for comparison). This weakness is due to the 250 
overwhelming absorption and fluorescence of the carbonaceous fraction with respect to the 251 
inorganic one. In this case, the presence of an organic molecule interleaving the hydroxide structure 252 
induces a fully different decomposition/reconstruction pathway. Upon thermal treatment, 253 
flurbiprofen is thermally decomposed to carbonaceous fractions (this occurs even at 400°C, where no 254 
signals of flurbiprofen features are found in the Raman and IR spectra) and weak broad signals 255 
around 1330 and 1590 cm-1 can be inferred, as witnesses of the beginning of formation of a 256 
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carbonaceous species (Figure 9A and B, green curve) [41]. The extent and diffusion of this 257 
carbon-based moieties is highlighted by the 1300-1600 cm-1 region of the Raman spectrum of the 258 
sample treated at 600°C (Figure 9 A and B, blue curve); in this case, the spectral features in the 259 
interest regions reported above are far more evident and are consistent with an ordered layered 260 
structure as graphenic sheets. The signals are observed clearly before (Figure 9A) and still present, 261 
although weaker, after (Figure 9B) hydration. The presence of such carbonaceous phases is related to 262 
a relevantly different behavior of the inorganic Zn/Al hydroxide layers. Raman spectroscopy 263 
confirms the presence of graphenic species, even if their location, within the layers of LDHs or as 264 
separated entities, could still not be demonstrated. 265 

 266 

 267 
 268 
Figure 9: Raman data (green laser excitation) of LDH_FLUR after calcination at 400°C (green) and 269 
600°C (blue) in the 1700 – 1100 cm-1 range before rehydration (A).Raman spectra in the range 1700- 270 
100 cm-1 of the FLUR samples after two hydrations and a total of 28 days of ageing (B). 271 

 272 
SEM was used to investigate the morphology of the samples and the location of carbonaceous 273 

species. At first, SEM micrograph confirms the larger crystallinity of LDH_NO3@600_28d sample 274 
(Figure 10B), where individual lamellar crystallites are clearly observable, with respect to 275 
LDH_NO3@400_28d (Figure 10A), where aggregates of smaller crystallites are present, as already 276 
suggested by XRPD. The opposite is observed for the samples prepared starting from the organic 277 
sample (Figure 10 bottom). This indication confirm that the treatment at 400°C (Figure 10C), with a 278 
limited production of graphenic species (as indicated by Raman spectroscopy) allow a better 279 
reconstruction, with features similar to those of inorganic samples treated at 600°C. In the sample 280 
treated at 600° (Figure 10D) the presence of graphenic species induces a different reconstruction 281 
process, with much smaller crystallites. These indications, together with the absence of separated 282 
carbonaceous particles or graphitic species in the SEM analysis, strongly suggest that graphenic 283 
species are intimately mixed within the reconstructed LDH crystallites.  284 

 285 
 286 
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 287 
Figure 10: SEM images on the samples after 28 days of reconstruction. A) LDH_NO3@400_28d (WD 288 
9.30mm, MAG 5.0kx, View field (VF) 57.8µm) B) LDH_NO3@600_28d (WD 9.34mm, MAG 19.0kx, VF 289 
15.2 µm C) LDH_Flur@400_28d (WD 9.32mm, MAG 35.0kx, VF8.26 µm) D) LDH_Flur@600_28d (WD 290 
8.19mm, MAG 19.0kx, VF 15.2 µm).  291 

 292 

3. Discussion  293 
The calcination and re-hydration protocol of organic LDHs was tested and optimized, while an 294 

inorganic LDH was used as reference. The process more efficient in giving reconstruction of 295 
carbon-containing LDH resulted rather slow, and the highest degree of reconstruction was obtained 296 
after a repeated hydration with deionized but not decarbonated water in a sealed vial, with a total of 297 
28 days of ageing. Interestingly, the inorganic samples gave better reconstruction after calcination at 298 
600°C while the organic ones at 400°C. In the samples prepared starting from the 299 
flurbiprofen-containing samples, Raman data confirmed the presence of graphenic species in the 300 
sample calcined at 600°C. The better reconstruction of the organic sample treated at 400°C is ascribed 301 
to the limited production of graphenic species at 400°C, thus allowing a re-hydration process similar 302 
to that observed for the inorganic samples. Conversely, the organic sample treated at 600°C, with a 303 
much larger amount of graphenic species undergoes a different re-hydration process, with a smaller 304 
and more irregular observed crystallites. The absence of XRPD peaks due to graphitic and of 305 
graphenic phases in the SEM micrograph suggest that the graphenic species highlighted by Raman 306 
after the treatment at 600°C are intimately mixed within LDH reconstructed species, to form a 307 
graphene-LDH nanocomposite.  308 

Concerning the mechanism of the reconstruction by the “memory effect” in the two cases 309 
(organic and inorganic LDHs), the presence of graphenic species is able to interfere with the LDH 310 
reconstruction. A different decomposition mechanism can be inferred. In fact, in nitrate containing 311 
materials, the decomposition of nitrate promotes the presence of oxide ions and the reaction between 312 
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atomic species on different layers, forming new crystalline phases. When the organic fraction is 313 
present, the process of charring either prevents or reduce the formation of oxidic structures at low 314 
temperature favoring amorphous hydroxides, but relevantly this phenomenon prevents the 315 
interaction of the cationic species distributed on different lamellae of the LDH structure, inducing a 316 
markedly different morphology.  317 

 318 

4. Materials and Methods  319 

4.1 Sample preparation 320 
Zn/Al LDH_NO3 of formula [Zn0.66 Al0.34(OH)2] [CO3]0.17 0.5 H2O prepared by urea method 321 

following the procedures described in the literature [43] [13]  was used as starting material to 322 
prepare the LDH intercalated with Flurbiprofen (sample LDH_Flur), exploiting the LAG method 323 
[39,40,44,45].  324 

The calcination of the samples was obtained by thermal treatments imparted by TGA-GC-MS 325 
on LDH_Flur and on the LDH_NO3. The heating starts at 25 °C and, by a heating rate of 10°/min, 326 
reaches 400 or 600 or 1100°C to obtain the samples LDH_Flur@400, LDH_Flur@600, LDH_Flur@1100 327 
and LDH_NO3@400, LDH_NO3@600, LDH_NO3@1100, respectively. 328 

The re-hydration processes were carried out in two modes. The short-time hydration was 329 
performed mixing for 3 minutes approximately 20 mg of calcined sample in a mortar with 60 μL of 330 
deionized water, then the mortar was kept covered with parafilm for 72 hours. The XRPD 331 
characterizations were performed after 75 minutes, 24 hours and after 72 hours. The long-time 332 
re-hydration was performed by mixing for 3 minutes 20 g of calcined sample in a mortar with 60 µL 333 
of deionized water, and then storing the sample in sealed vials to prevent evaporation. After 14 days 334 
the samples were characterized by XRPD and then put in contact again with 60 µL of deionized 335 
water and aged in a sealed vial for 14 days to reach a total of 28 days of ageing. These samples were 336 
characterized by XRPD, SEM, IR and Raman spectroscopy.  337 

4.2 Instrumental methods 338 
Thermogravimetric analysis were performed using a Mettler-Toledo thermo-balance 339 

TGA/SDTA LF1100 at a scanning rate of 10°C/min from room temperature to 1100 °C under N2. 340 
Static X-ray measurements were performed on a ThermoARL powder diffractometer XTRA, 341 

equipped with a solid state Peltier cooled detector. All powder diffraction patterns were measured 342 
in continuous mode using the following conditions: 2θ angular range 5-80°, tube power 45kV and 343 
40mA, step size 0.02° 2θ, Integration time: 1,200 sec, Scan rate: 1,000°/min, In situ measures were 344 
performed in the range 9-14° 2θ with a scan rate of 5,000°/min on the sample hydrated in the mortar 345 
as discussed in section 4.1 346 

IR spectra were recorded on a Nicolet™ iN™ iN10 Infrared Microscope using the LN-cooled 347 
MCT detector to enhance sensitivity. Measurements were performed in reflection mode and then the 348 
plots were converted in % Transmittance to compare them with standard transmission IR spectra. 349 
Each spectra is the average of 128 scans over an area of 150 x 150 µm. 350 

 Raman spectra have been collected three instrumentations with different lasers, to minimize 351 
the fluorescence problems on different samples and optimize signal detection. The final 352 
measurements were carried out exploiting the green laser excitation. 353 

The first was a FT-Raman RFS-100 Bruker instrument equipped with a 1.5 W Nd:YAG 354 
air-cooled laser delivering an excitation wavelength of 1064 nm. The detector was a liquid nitrogen 355 
cooled germanium detector, allowing a spectral range 3500 to 50 (stokes) and -100 to -2000 cm-1 356 
(anti-stokes). 357 

The second was a Renishaw inVia Reflex (Renishaw PLC, UK) microRaman spectrophotometer 358 
equipped with a cooled charge-coupled device camera at excitation wavelength of 514.5 nm with a 359 
laser power of 10 mW (spectral resolution and integration time of 3 cm−1 and 10 s, respectively). 360 
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The third was a high-resolution dispersive Horiba Jobin Yvon (Villeneuve d’Ascq, France) 361 
Labram HRVIS model system, with an HR800 spectrometer, a confocal microscope, a 800 mm path 362 
monochromator and a CCD cooled detector (-70°C). Nd solid state green laser (wavelength 532 nm, 363 
power 250 mW) and 1800 lines/mm grating were used, with a spectral resolution of 2 cm-1. Spectra 364 
have been taken placing the samples on the microscope stage and observing with long working 365 
distance 10x, 20x, 50x and 100x Olympus objectives. The sampled area was identified and focused 366 
using either a video camera or microscope binoculars. Spectra were obtained using laser at full 367 
power and checking visually with the camera view the absence of damages in the sampling area. 368 
Once optimized, spectra have been collected with variable exposure times (1 to 30 seconds) or high 369 
number of acquisitions of short shots (10 acquisitions of 1 seconds then averaged) depending on the 370 
absolute counting given by the detector. 371 

Raman spectroscopy and XRPD data were analyzed with OPUS [46] and TOPAS Academic v5.0 372 
[47] software respectively. 373 

Textural and morphological observations (secondary electrons images - SE) were performed by 374 
means of a Tescan FE-SEM (Mira 3XMU-series), equipped with an EDAX energy-dispersive 375 
spectrometer. The operating conditions were: 20 kV accelerating voltage, around 13 mA beam 376 
current, different working distance and magnifications (reported in each photo). Samples for SEM 377 
observations were prepared either by C-coating from graphite evaporation. 378 
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