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ABSTRACT 11 

In this study, we designed a mesoporous composite with high latent heat capacity, stable structure, and 12 

efficient thermal response for thermal energy storage in green building constructions. Graphene oxide 13 

(GO) nanosheets were sandwiched by a vertically interconnected network of 2D calcium silicate hydrate 14 

(CSH) nanoplates via an in-situ dissolution–coprecipitation strategy to obtain CSH/GO/CSH (CGC). The 15 

CGC mesoporous sandwich-like structures with high specific surface area (677 m2 g-1) and large pore 16 

volume (~2.5 cm3 g-1) were infiltrated with lauric acid (LA) as phase change materials (PCMs) to produce 17 

LA@CGC composites. Our results demonstrated that LA@CGC had a high latent heat value of 118.0-18 

127.6 J g-1 and 92-99% efficiency after 50 heating-cooling cycles, which, together with the reinforcing 19 
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properties of GO and the compatibility of CSH in cement-based matrixes, makes the composite a 20 

sustainable PCM for thermal energy storage in building constructions. 21 

 22 

INTRODUCTION 23 

Efficient energy utilization represents an increasingly important topic due to energy crises and 24 

environmental concerns caused by the excessive use of unsustainable energy sources. Thermal energy 25 

storage technology plays a vital role in the effective use of renewable energy resources, where 26 

intermittency is the main challenge in their large-scale usage 1. Among the different heat storage 27 

technologies, latent heat storage of phase change materials (PCMs) has attracted a wide range of interests 28 

due to their high-energy storage density and isothermal characteristics during the changing phase process 29 

2. In particular, solid-liquid PCMs have recently attracted extensive attention due to their constant phase 30 

transition temperature, chemical stability, high latent heat storage capacity and nominal supercooling 31 

behaviour 3. Over the past few decades, PCMs have been developed for several applications, including 32 

building thermal comfort,  thermal protection, cooling, and solar heating system 4. However, their 33 

practical employment in thermal energy-storage systems has been limited because they generally have 34 

low thermal conductivity and easily leak out during the phase change process 5. Thus, PCM-based 35 

materials with high thermal conductivity and PCM loading capacity are attractive for thermal energy 36 

storage applications. 37 

 38 

In this context, many studies have focused on designing PCM composites, known as shape-stabilized 39 

PCMs (ss-PCMs), by loading the PCMs within supporting materials or microcapsules. Microencapsulated 40 

PCMs with various shell materials (i.e. polymeric or inorganic) have been developed via physical and 41 

chemical routes 6. The microencapsulation strategy prevents the leakage and diffusion of PCMs during 42 

the solid-liquid phase-change processes. However, it is still disadvantaged by low heat transfer rates, 43 

complex and expensive preparation processes, and limited application fields. Alternatively, integrating 44 
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PCMs with porous materials has been found an inexpensive and straightforward strategy for the 45 

preparation of ss-PCMs with not only good shape stability but also enhanced thermal conductivity. So far, 46 

many different supporting materials have been investigated for the composite PCMs, including metal 47 

foams, carbonaceous nanotubes, nanosheets and aerogels, mesoporous silica, porous organic polymers, 48 

and other porous materials 7-13. 49 

 50 

Particularly in the field of construction materials, porous mineral materials such as expanded perlite, 51 

diatomite, and fly ash were also used as support for ss-PCMs due to their high thermal stability, thermal 52 

reliability, and chemical compatibility 14-16. Konuklu et al. 17, for example, prepared diatomite 53 

incorporated paraffin using a direct impregnation method. The prepared PCM composites exhibited good 54 

thermal reliability with a latent heat of 53.1 J g-1. Similarly, a wide range of clay mineral-based ss-PCMs 55 

have been reported for energy saving in buildings 18. However,  mineral materials are usually incapable of 56 

affording ss-PCM with high latent heat capacity because of their limited pore volume and high mass 57 

fraction 19. Another critical issue of mineral-based ss-PCMs is their poor thermal transfer ability and 58 

photo-thermal conversion efficiency. A conventional way to promote the heat transfer efficiency is 59 

introducing thermally conductive fillers into the ss-PCM. Nevertheless, the thermal conductivity 60 

enhancement is usually at the cost of reducing latent heat capacity due to the large space occupied by the 61 

filler 19-20.  62 

 63 

More recently, two-dimensional (2D) nanostructures have been found effective in promoting energy 64 

storage performances due to their high specific surface area and low interfacial thermal resistance 65 

(resulting from their 2D geometry) 21-22. Natural montmorillonite (Mt), for example, was exfoliated into 66 

2D Mt nanosheets and used to construct stearic acid based ss-PCMs for simultaneously solving low 67 

content and low thermal conductivity of organic PCM 19, 23. Compared with other clay minerals based 68 

PCMs, the 2D Mt/SA composites showed superior heat transfer ability and latent heat capacity (198.78 J 69 

g-1). Meanwhile, 2D graphene oxide (GO) nanosheets have been extensively used as supporting materials 70 
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in ss-PCMs due to their relatively high thermal conductivity. Furthermore, its compatibility with the PCM 71 

matrix can reduce phonon scattering and thus mitigate interfacial thermal resistance. GO has also been 72 

demonstrated as an effective photon captor and molecular heater to facilitate solar energy conversion in 73 

composite PCMs 24-25. From the mechanical performance perspective, it is also widely reported that 2D 74 

GO nanosheets can act as nanoscale reinforcements of cement-based composites and other structural 75 

materials 26-27.  76 

 77 

Here, we designed a mineral network of 2D calcium silicate hydrate (CSH) nanoplates, perpendicularly 78 

grown on both sides of GO nanosheets, to create a novel mesoporous material with excellent performance 79 

for application as ss-PCM (Figure 1). The CSH/GO/CSH (CGC) sandwich-like structure with high 80 

specific surface area (677 m2 g-1) and large pore volume (~2.5 cm3 g-1) was prepared via an in-situ 81 

dissolution–coprecipitation strategy using sandwich-structured SiO2/GO/SiO2 (SGS) nanosheets as 82 

precursor templates. The 2D interconnected networks with sandwiched GO provided high PCM loading 83 

capacity without leakage and interconnected conductive pathways to improve the ss-PCM heat transport. 84 

Unlike limited natural mineral resources, CSH is a renewable and recyclable resource, ubiquitous in the 85 

environment as the primary binder of Portland cement concrete. Therefore, CGC can be a sustainable 86 

PCM carrier for thermal energy storage in building constructions due to the reinforcing effect of the GO 87 

nanosheets and the compatibility between CSH and cement-based matrixes.  88 

 89 

 90 

Figure 1. Fabrication steps for synthesizing CSH/GO/CSH (CGC) mesoporous sandwich-like 91 

structure with high PCM loading capacity. First, GO sheets were covered with silica nanoparticles. 92 
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Then, the silica particles on the GO surface were converted into CSH nanoplates with nanometer-thin 93 

thickness, forming a sandwich-like structure with a high specific surface area and pore volume easily 94 

accessible for PCM impregnation. 95 

 96 

MATERIALS AND METHODS 97 

Materials - GO (Graphenea Inc., monolayer content ≥ 95%), tetraethylorthosilicate (TEOS, Sigma-98 

Aldrich, 99%), sodium silicate (Na2SiO3, Sigma-Aldrich, SiO2 - 50-53%), calcium nitrate tetrahydrate 99 

(Ca(NO3)2·4H2O, EMSURE®, ≥ 99.9%), sodium hydroxide (EMSURE®, ≥ 99.0%), ethanol-absolute 100 

(UNIVAR, ≥ 99.0%), ammonia solution (Sigma-Aldrich, 28%wt) and lauric acid (LA. Sigma-Aldrich, 101 

98%) were used without further treatment or purification. 102 

 103 

Synthesis of SiO2/GO/SiO2 (SGS) platforms - SGS platforms were synthesized via a sol-gel process 104 

previously described in the literature 28. In a typical synthesis, 30 mL of GO (4 mg mL-1) aqueous 105 

dispersion was diluted in 240 mL of ethanol solution and placed in a bath sonication at 25°C. Then, 4 ml 106 

of 28% ammonia solution was added into the dispersion to adjust the pH at ~9, followed by sonication for 107 

1 h. After that, 0.5 ml TEOS was added dropwise to the dispersion, which was then sonicated for 3 h and 108 

later rested at room temperature for 48 h. Finally, the product was washed with ethanol three times to 109 

remove the unreacted silica. The resulting product was vacuum dried and kept in a vacuum chamber until 110 

further use. According to XPS measurements, the GO to SiO2 mass ratio in the SGS was ~1. 111 

 112 

Synthesis of mesoporous CSH/GO/CSH (CGC) sandwich-like structures - For the synthesis of CGC, 113 

the SGS platforms were first dispersed in 5 ml of aqueous solution with a concentration of ~4 mg ml-1. 114 

Then, 10 ml of Ca(NO3)2·4H2O (60 mM) and 10 ml of Na2SiO3 (60 mM) precursor solutions were 115 

simultaneously added dropwise (0.6 ml min-1) into the SGS dispersion, which was vigorously stirred. The 116 

pH of the dispersion was adjusted to ~13.0 by adding NaOH (2.5 M). After the addition of precursors, the 117 
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dispersion was bath sonicated for 2 h. To remove the remaining Na+ and NO3- salts, the solutions were 118 

first washed in deionized water and then washed several times in ethanol. The synthesis was performed at 119 

room temperature. All the described steps were performed under N2 environment. The products were 120 

vacuum dried at 70 °C and kept in vacuum until further use. To analyze the formation mechanism of 121 

CGC, batches with one and two-thirds of the Ca(NO3)2·4H2O and Na2SiO3 precursors molar 122 

concentrations were also prepared. Furthermore, pure CSH nanoplates (without SGS platforms) and CGC 123 

using bare GO platforms instead of SGS were synthesized for comparison. 124 

 125 

Fabrication of the LA@CGC nanocomposites - After preparing the CGC sandwich-like structures, LA 126 

molecules were intercalated into their mesoporous structure via a simple impregnation procedure. Briefly, 127 

the CGC and LA solid powders were dry-mixed at different mass ratios ranging up to 1:10. Then, the 128 

given mixture was vacuumed at 80°C for 6 h in a vacuum drying oven. After the LA powder completely 129 

melted, the oven pressure was returned to 1 atm to impregnate the LA into the CGC pores. Finally, the 130 

LA@CGC nanocomposites were cooled down to room temperature. After impregnation, the synthesized 131 

nanocomposites were placed on a filter paper and transferred to an oven at 80°C to remove any LA that 132 

was not held within the pores. The process was repeated (leakage test), and the resulting LA@CGC 133 

nanocomposites did not exhibit leakage.   134 

  135 

Characterization – Scanning electron microscopy (SEM) imaging was carried out using a FEI Magellan 136 

400 XHR FEGSEM instrument operated at 3 kV. Transmission electron microscopy (TEM) imaging and 137 

selected area diffraction were obtained using FEI Tecnai T20 instrument operated at 200 kV. Energy-138 

dispersive spectroscopy (EDS), coupled to the TEM instrument, was obtained using a Bruker 30 mm2 139 

ultrathin window silicon drift detector (SDD) and Quantax analysis system. The topography of the SGS 140 

platforms was mapped in a Bruker’s Dimension Icon atomic force microscopy (AFM) using a doped 141 

monolithic silicon-coated tip with a 23 nm thick platinum iridium5 layer (Arrow™ NCPt). 142 

 143 
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X-ray photoelectron spectroscopy (XPS) analysis of GO and SGS was performed in an AXIS Nova 144 

spectrometer using a monochromated Al Kα source. For the analysis, GO and SGS films were prepared 145 

by vacuum filtering the GO and SGS dispersions through an Anodisc membrane filter (47mm in 146 

diameter, 0.1 μm pore size), followed by vacuum drying and peeling from the filter. X-ray diffraction 147 

(XRD) measurements were carried out with a Rigaku MiniFlex 600 benchtop X-ray diffractometer using 148 

a monochromatized Cu Kα source. Attenuated total reflection Fourier-transform infrared spectroscopy 149 

(ATR FTIR) was carried out with a Perkin Elmer Spectrum 2 FTIR with universal ATR diamond/ZnSe 150 

crystal. For the XRD and ATR FTIR measurements, powder samples were prepared via vacuum drying at 151 

room temperature. The specific surface area and pore volume of the CGC sandwich-like structures, pure 152 

CSH nanoplates, and CSH formed on bare GO were obtained via Brunauer-Emmett-Teller (BET) N2 153 

sorption using a Micromeritics 3 Flex version 3.02 software. Powder samples were prepared via drying in 154 

a vacuum oven at 105°C for 12 h. 155 

 156 

The thermal properties of the LA@CGC nanocomposites were analyzed via differential scanning 157 

calorimetry (DSC) using a Perkin Elmer DSC 8000 calibrated with an indium standard. For the analysis, 158 

approximately 15 mg of powder sample were loaded into an aluminum pan (PerkinElmer). The 159 

experiments were performed under flowing nitrogen in the temperature range from 10 to 80°C with a 160 

heating/cooling rate of 5 °C min-1. For the thermal stability tests, up to 50 thermal cycles were performed. 161 

Each cycle was defined as follows: (1) holding for 1 min at 10 °C, (2) heating from 10 to 80 °C at 5 °C 162 

min-1, (3) holding for 1 min at 80 °C, and (4) cooling from 80 to 10 °C at 5 °C min-1. 163 

 164 

Portland cement pastes with LA@CGC – The hydration of Portland cement pastes with incorporation 165 

of 1% and 5% (by weight of cement) of LA@CGC nanocomposites was assessed following the method 166 

prescribed in the ASTM C1702. In a typical procedure, 6 g of Portland cement (Type 1 Normal Cement, 167 

as defined by ASTM C150) was first dry mixed with the appropriated amount of LA@CGC. Next, 3 g 168 

deionized water was added and hand-mixed with the powder mixture (water-to-cement mass ratio of 0.5). 169 
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The wet cement mix was immediately poured into a glass ampoule, which was then sealed and transferred 170 

to a thermometric TAM Air isothermal calorimeter (TA Instruments). The isothermal calorimetry 171 

measurements were performed at 25 °C. Experiments were performed in duplicate. 172 

 173 

RESULTS AND DISCUSSION 174 

CSH/GO/CSH mesoporous sandwich-like structures 175 

To prepare CGC structures with high specific surface area and large pore volume, it was critical to first 176 

uniformly coat an ultrathin silica layer onto the GO nanosheets and create SGS as precursor templates. 177 

The silica nanoparticles were initially deposited on both sides of GO to obtain SGS sandwich-like 178 

structures via a previously reported sol-gel process 28. The deposited silica nanoparticles played a dual 179 

function in the CGC preparation process. First, it acted as physical spacers to maximize the use of the 2D 180 

geometry of the GO sheets, which otherwise undergoes aggregation in the presence of calcium and other 181 

alkaline ions involved in the synthesis of the CSH nanoplates. The mechanism of how the SiO2 182 

nanoparticles prevent GO aggregation in ionic environments was explored in detail in our previous 183 

studies 28-29. Secondly, the deposited SiO2 nanoparticles acted as a structure-directing platform for the 184 

vertical growth of 2D CSH nanoplates on the surface of GO. The vertical growth gave rise to a unique 185 

integrated structure of CSH with GO nanosheets with excellent specific surface area and pore volume, 186 

which are essential attributes of efficient supports for ss-PCM.  187 

 188 

Figure 2 shows the nanoscale structure of the SGS template. In contrast to the plane surface of the GO 189 

sheets (Figure 2a), the SEM and TEM images in Figure 2b shows that the SGS platforms were composed 190 

of monolayer GO covered by silica nanoparticles with a lateral size range of 10-20 nm. The presence of a 191 

hexagonal pattern with a d-spacing of 0.213 nm in the TEM/SAD image confirmed that the GO sheets 192 

were still monolayer after the silica deposition. The AFM measurements in Figure 2c,d indicate that the 193 

thickness of the monolayer GO was 1 nm, which was coated by silica nanoparticles with a thickness of 2–194 
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3 nm. XPS analysis of the GO sheets and the SGS platforms suggested that the GO nanosheets were 195 

reduced simultaneously with the SiO2 functionalization 30. As shown in Figure 2e,f, the SGS platforms 196 

presented fewer C-O bonds in epoxy and alkoxy groups (286.9 eV) in relation to the C-C/C=C bonds in 197 

aromatic rings (284.8 eV), indicating the reduction of the GO sheets. According to the XPS elemental 198 

analysis, the oxygen coverage on the GO sheet was slightly reduced from 30% to 25%. The reduction of 199 

GO was expected to assist the heat transport properties of the platform 31-32. 200 

 201 

 202 

Figure 2. Nanostructure of the SiO2/GO/SiO2 (SGS) platforms compared to monolayer GO. a) SEM 203 

(left panel) and TEM (right panel) images of GO. The inset in the TEM images shows the SAD pattern of 204 

the monolayer GO. b) SEM (left panel) and TEM (right panel) images of SGS. SiO2 particles with a size 205 

range of 10-20 nm deposited on the surface of GO. The inset in the TEM image shows the SAD pattern of 206 

the nanocomposite. c) AFM measurements indicating the 1-nm thickness of monolayer GO. d) AFM 207 

measurements of the SGS platforms show that the SiO2 particles were approximately 2-3 nm thick. e,f) 208 

XPS analysis of GO and SGS indicates that the latter was reduced (i.e. the number of C-O bonds is 209 

decreased in comparison to C-C bonds) during the SiO2 particles deposition process. 210 

 211 
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Successful fabrication of CGC sandwich-like structures was achieved by synthesizing ultra-thin CSH 212 

nanoplates on the surface of the SGS platforms. TEM and SEM images (Figure 3) show that the CSH 213 

nanoplates were uniformly distributed on the surface of SGS, endowing the CGC products with a 214 

mesoporous morphology. The TEM/SAD pattern in Figure 3a revealed the hexagonal pattern from 215 

monolayer GO, confirming that the SiO2 nanoparticles in SGS efficiently maintained GO well dispersed 216 

during the CSH formation. The TEM images reveal that the CSH nanoplates' thickness was as thin as ~2 217 

nm, which is about one unit cell of 11-Å tobermorite (the crystal analog to CSH), confirming the 218 

nanometre-thin thickness of CSH. As shown in the SEM image in Figure 3b, these ultra-thin CSH 219 

nanoplates were perpendicular to the GO sheet and interlaced. As a result, an interconnected network of 220 

2D nanoplates was constructed with a hierarchical and easily accessible pore structure. For example, gel 221 

pores with a size smaller than 2 nm can be identified in the high-magnification TEM image (Figure 3a), 222 

while larger nanopores with pore sizes ranging from 50 to 100 nm can be observed in the SEM images 223 

(Figure 3b). 224 

 225 

 226 
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Figure 3. Successful fabrication and the CGC mesoporous sandwich-like structures. a,b) TEM (a) 227 

and SEM (b) images showing the accessible and highly porous nanostructure of the CGC structure. The 228 

thickness of the CSH sheets is indicated in the TEM image. The CSH structure on top and bottom of the 229 

SGS platform is indicated in the SEM image. 230 

 231 

The open-pore structure endowed the CGC sandwich-like structures with high specific surface area and 232 

pore volume. The BET N2 sorption results (Figure 4) show that CGC displayed a type IV isotherm in 233 

IUPAC classification. The linear trend in the low relative pressure range of the isotherm suggests the N2 234 

monolayer coverage. In contrast, the sudden increase of nitrogen adsorption in the range of 0.9 and 1.0 235 

(P/P0) indicates the existence of macropores. In addition, the type H3 hysteresis loop, arising from the 236 

assemblage of plate-like particles, represents the mesoporous characteristic of the CSH nanoplates (in 237 

agreement with the SEM and TEM in Figure 3). The specific surface area of CGC was measured as high 238 

as 677 m2 g-1, ~60% higher than that of pure CSH nanoplates (CSH nanoplates synthesized without any 239 

platforms). They were also >30% higher than previously reported 3D CSH structures 33. More 240 

importantly, the CGC sandwich-like structures displayed a total pore volume as high as 2.49 cm3 g-1, 241 

~41% higher than pure CSH nanoplates, further indicating that the 2D SGS platforms endowed CSH 242 

structures with increased specific surface area and pore volume. 243 

 244 

 245 

Figure 4. BET N2 sorption measurements of the specific surface area and pore volume of the CGC 246 

mesoporous sandwich-like structures compared with pure CSH nanoplates. 247 
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 248 

To better understand the formation mechanism of the highly porous sandwich-like structures, CGC with 249 

less CSH precursors (Ca(NO3)2·4H2O and Na2SiO3) were synthesized. Decreasing the amount of CSH on 250 

the CGC structure enabled visualizing the onset and development of the vertical growth of CSH 251 

nanoplates on the SGS platforms. That can be seen in the SEM and TEM images in Figure 5a,b, which 252 

shows  CGC sandwich-like structures synthesized with one-third of CSH precursors in relation to the 253 

reference CGC shown in Figure 3. It is noted that several CSH nanoplates grew from different locations at 254 

the surface of the SGS platform, indicating that the SiO2 nanoparticles provided nucleation sites for the 255 

precipitation of CSH, in agreement with previous studies with colloidal nanosilica 34. Also, it can be seen 256 

that the distribution of nanoplates was uniform across SGS, and they were oriented perpendicular to the 257 

platform. TEM and SEM images (Figure 5c,d) of CGC with two-thirds of CSH precursors in relation to 258 

the reference CGC demonstrate that, as the nucleated CSH nanoplates grew, they connected to each other 259 

and gave rise to a mesoporous structure. The perpendicularity of the CSH nanoplates with the SGS 260 

substrate is seen in the enlarged SEM image in Figure 5d, which accounted for the channels with 261 

accessible apertures in the CGC structure. SiO2 nanoparticles were not observed in the microscopy 262 

images, indicating that they underwent dissolution during the CGC formation process (possibly due to 263 

their high pozzolanic activity 35-36). This observation is corroborated by EDS, XRD and FTIR analyses. 264 

The EDS analysis shows that calcium was incorporated in the CGC structure, confirming the formation of 265 

CSH (Figure 5e). Furthermore, the reduction in the SiO2 amorphous band (broad maxima at 23°) in the 266 

XRD of CGC compared with that of SGS, and the peak shift from 1070 cm-1 in the FTIR spectra of SGS 267 

to 988 cm-1 in CGC (indicating the decrease in silicate polymerization 37), substantiate that SiO2 was 268 

converted into CSH (Figure 5f,g). 269 

 270 
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 271 

Figure 5. Growth of CSH nanoplates on the SGS platforms. a,b) TEM (a) and SEM (b) images of 272 

CGC structures formed with one-third of CSH precursors. The onset of the vertical growth of CSH 273 

nanoplates can be seen. c,d) TEM (a) and SEM (b) images of CGC structures formed with two-thirds of 274 

CSH precursors. At this CSH concentration, the formation of a mesoporous structure is observed. e-g) 275 

EDS (e), XRD (f), and FTIR (g) analyses of the SGS platforms and CGC structures. 276 

 277 

As illustrated in Figure 6a, these findings indicate that the SGS acted as a structural-directing platform for 278 

the nucleation and vertical growth of CSH nanoplates and, thereby, the high specific surface area and 279 

porosity of CGC. This mechanism contrasts with that of pure CSH (without SGS platforms). In this case, 280 

the nanoplates nucleated from a central nucleation point (rather than from different locations as in the 281 

SGS surface) (Figure 6b), and pores were enclosed as CSH nanoplates grew on top of each other. 282 

Interestingly, when bare GO sheets were used as the platforms instead of SGS, the CSH sheets grew 283 
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horizontally to the GO plane rather than vertically (Figure 6c). In addition, GO agglomerates were also 284 

observed (due to the presence of calcium and other alkaline ions 28). The poor performance of the bare 285 

GO as templates resulted in a reduction of ~62% in specific surface area and ~39% in pore volume 286 

compared with the CGC mesoporous sandwich-like structures. Previously, Basquiroto de Souza et al. 27, 38 287 

demonstrated that GO sheets, due to their atomic flatness and 2D geometry, can induce the formation of a 288 

dense CSH film on their surface. Our results thus suggest that the SiO2 nanoparticles modified this growth 289 

process due to 1) their spherical geometry, which prevented the in-plane growth of the CSH nanoplates, 290 

and 2) their continued dissolution, which promoted the condensation of CSH away from the GO sheet. 291 

 292 

 293 

Figure 6. Growth mechanism endows the CGC with the open porous structure. The growth 294 

mechanism of CSH formed on SGS (CGC) (a), pure CSH nanoplates formed in solution (b), and CSH 295 

formed on bare GO (c). The vertical growth of CSH nanoplates on SGS leads to the formation of a 296 

structure with open pores. On the other hand, when pure CSH is formed in solution, the nanoplates 297 

nucleate from a central nucleation point, and pores are enclosed as CSH nanoplates grow on top of each 298 

other. When CSH nanoplates form on bare GO, they grow horizontally in parallel with the GO platform. 299 

 300 
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Form-stable PCM with excellent thermal energy storage capacity 301 

The CGC sandwich-like structures were loaded with LA via simple vacuum impregnation to demonstrate 302 

their high loading capacity and potential thermal energy applications. LA is a chemically stable, non-303 

poisonous and non-corrosive medium-length long-chain fatty acid 39-41. The SEM image in Figure 7a 304 

demonstrated that LA successfully filled the pore structure of CGC and formed a new phase change 305 

material composite (referred to as LA@CGC nanocomposite). The high magnification SEM image 306 

(Figure 7b) of the LA@CGC shows the CSH nanoplates covered by a LA layer were 30-40 nm thick, 307 

which is significantly larger than the 2-nm thickness of the bare CSH nanoplates. This finding indicates 308 

that besides filling the pores via capillary absorbance, the lauric acid was also anchored to CSH walls. 309 

The anchoring ensured the LA remained fixed within the mesoporous CGC structure 42. 310 

 311 

FTIR analysis of the LA@CGC nanocomposites confirmed the impregnation of the LA into CGC via 312 

capillary absorbance and anchoring to the CSH nanoplates. Figure 7c compares the FTIR spectra of pure 313 

LA, the CGC mesoporous structures and the LA@CGC nanocomposites. It can be noted that the 314 

LA@CGC nanocomposites presented a spectrum similar to that of pure LA, with the position and shape 315 

of LA’s characteristic peaks at 2924 cm−1 (stretching vibration of -CH2), 2853 cm−1 (stretching vibration 316 

of -CH3), 1702 cm−1 (C=O), 1292 cm−1 (stretching vibration of C-O), 931 cm−1 (waging vibration peak of 317 

–OH) and 723 cm−1 (out-of-plane bending vibration of C-H groups), which confirmed that the LA was 318 

incorporated into the pores of CGC. On the other hand, the characteristic peaks for CSH, such as the 319 

broad peaks at 3450 cm−1 (O-H in water and hydroxyls) and the peak 970 cm−1 (stretching vibration of Si-320 

O), were significantly reduced. These findings indicate the proportion of LA in the LA@CGC 321 

nanocomposite was considerably higher in relation to pure CSH nanoplates, pinpointing the high loading 322 

capacity of the mesoporous CGC sandwich-like structure without leakage.  323 

 324 
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Compared to pure LA, two new peaks at 1575 cm−1 and 1526 cm−1 were identified in the LA@CGC 325 

nanocomposites. These peaks have been previously identified in LA-supported by pure CSH nanoplates 43 326 

and are likely associated with the bonding interaction between LA’s polar carboxylic group with the 327 

charged CSH surface. In addition, previous studies demonstrate that chemical interactions are beneficial 328 

to prevent detachment of the PCM from the support and only induce a slight loss in thermal energy 329 

storage performance 42. These observations suggest that the CGC mesoporous sandwich-like structures, 330 

besides exhibiting capillary absorption properties, provided anchorage points to LA chains that prevented 331 

PCM leakage during melting, which agrees with the SEM observations. 332 

 333 

 334 

Figure 7. Loading of lauric acid (LA) into the CGC mesoporous sandwich-like structures to create 335 

shape-stabilized PCMs. a) SEM image of CGC loaded with LA (LA@CGC nanocomposites). b) High-336 

magnification image shows that the LA anchored to the walls and filled the structure’s mesopores. c) 337 

FTIR analysis of pure LA, CGC, and LA@CGC.  338 

 339 

DSC measurements confirmed that LA@CGC nanocomposites have excellent thermal storage properties. 340 

Figure 8 shows the DSC melting and freezing curves of LA@CGC and pure LA. Compared to pure LA, it 341 

can be observed that the LA@CGC melting and freezing onset temperatures and peak temperatures were 342 

shifted towards smaller temperature values (Table 1). Nano-confinement effects 44-45 and the chemical 343 

interactions [39] have been previously reported to alter PCM thermal properties. This shift is thus likely 344 

associated with the LA confinement and bonding within the nanoscale pores of the CGC mesoporous 345 
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sandwich-like structure. In addition, the melting peak presents a small shoulder at a temperature of 346 

~60.5°C. Despite the small shifts, the melting and freezing peak heights of the LA@CGC were still 347 

relatively high compared to the pure LA. Peak area calculations shown in Table 1 revealed that the 348 

LA@CGC nanocomposites exhibited latent heat of melting and freezing of about 127.6 J g-1 and 118.0 J 349 

g-1, respectively. Naturally, these values were smaller than those obtained for the pure LA (161.2 J g-1 and 350 

166.0 J g-1) as the CGC structure does not present any phase transition at the PCM melting/solidification 351 

temperature range. On the other hand, they are ~300% higher than previously reported LA-supported by 352 

pure CSH nanoplates (Table 1), highlighting the high loading capacity of the vertically oriented structure 353 

of CGC. 354 

 355 

 356 

Figure 8. Thermal energy storage properties of the LA@CGC nanocomposites compared with pure 357 

LA. a,b) Thermal cycle of the LA@CGC nanocomposites (a) and pure LA (b). c,d) Comparison between 358 

the melting (c) and solidification (d) DSC curves of the LA@CGC and pure LA. 359 

 360 
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Table 1. Thermal properties of LA@CGC nanocomposites compared with pure LA and 

previously reported LA-based composites. 

Material 

PCM latent 

heat percent 

(%) 

Melting Freezing 
Ref. 

Tm (°C) ΔHm (J g
-1

) Ts (°C) ΔHs (J g
-1

) 

Pure LA 
100 47.7 161.2 44.8 166.0 

This 

work 

LA@CGC 
76.2 46.1 127.6 42.4 118.0 

This 

work 

LA/CSH 
19.9 ~41 32.0 - - 43 

LA/SiO2 
30–60 40–43 50–105 - - 46 

LA/diatomite 
30–40 ~40.8 43–57 ~38 42–57 41 

LA/kaolin 
48.0 43.7 72.5 39.3 70.9 47 

LA/ 

montmorillonite 
24.1 37.1 35.2 - - 48 

LA/expanded 
perlite 

58.9 44.1 93.4 41.0 94.9 49 

LA/vermiculite 
70.0 41.9 126.8 39.9 125.6 50 

 361 

 362 

To compare the latent heat values of LA@CGC with other LA composite materials reported in the 363 

literature, the PCM latent heat percent of the LA@CGC nanocomposites was calculated by the equation: 364 

ω% = ΔHc / ΔHp × 100, where ω% is the PCM latent heat percent, ΔHc is the latent heat of the LA 365 

composite material, and ΔHp is the latent heat of the pure LA 51. According to Equation 1, the LA@CGC 366 

presented PCM latent heat percent average value of 76.2%. As shown in Table 1, this value is 367 

significantly higher than the PCM latent heat percentages reported for silica-based form-stabilized PCM 368 

composites. The value is also higher than that of common mineral-based form-stable PCMs, including 369 

LA-supported by expanded perlite, montmorillonite, and vermiculite. The high PCM latent heat percent 370 

values reiterate the potential of the CGC mesoporous sandwich-like structures as excellent shape 371 

stabilizers for PCMs. 372 

 373 
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DSC analysis of LA@CGC and pure LA after 50 thermal cycles also indicated nanocomposites’ excellent 374 

thermal stability. As shown in Figure 9a,b, the melting and freezing peak temperatures of the LA@CGC 375 

shifted towards lower and higher values, respectively, as the number of thermal cycles increased. These 376 

shifts were also observed for the pure LA (Figure 9c,d), indicating that the thermal behaviour changes 377 

observed in the LA@CGC are intrinsic to the LA. Most importantly, it was observed that the onset 378 

melting and freezing temperatures were mostly unaltered in the LA@CGC, indicating the good thermal 379 

reliability of the nanocomposite. Furthermore, as shown in Table 2, the latent heat capacity of LA@CGC 380 

after the 50 cycles was still high (range of 92%-99% compared to the first cycle), competing with other 381 

PCMs composites, which exhibit latent heat values usually lying in the range of 35%–95% after the 382 

continuous thermal cycles 52. 383 

 384 
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 385 

Figure 9. Thermal stability of the LA@CGC nanocomposites. a,b) Melting (a) and solidification (b) 386 

DSC curves of LA@CGC nanocomposites at different thermal cycles. c,d) Melting (c) and solidification 387 

(d) DSC curves of pure LA at different thermal cycles. FTIR analysis of the LA@CGC nanocomposites 388 

before and after the thermal cycling process. 389 

 390 

Table 2. Thermal properties of LA@CGC nanocomposites at different DSC cycles. 

Material 

PCM latent 

heat percent 

(%) 

Melting Solidification 

Tm (°C) ΔHm (J g
-1

) Ts (°C) ΔHs (J g
-1

) 

LA 
100 47.7 161.2 44.8 166.0 

LA after 50 cycles 
99.3 47.7 160.1 45.3 164.7 
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LA@CGC 
76.2 46.1 127.6 42.4 118.0 

LA@CGC after 50 

cycles 
72.5 45.8 117.1 41.9 116.6 

 391 

The thermal and chemical stability of LA@CGC after 50 thermal cycles was also assessed via FTIR 392 

analysis. As shown in Figure 9e, no significant differences in the FTIR spectra (i.e., peak shapes and 393 

frequency values) of LA@CGC before and after the 50 cycles were observed. The prominent peaks for 394 

LA, namely at 2924 cm−1 (stretching vibration of -CH2), 2853 cm−1 (stretching vibration of -CH3), and 395 

1702 cm−1 (C=O), were almost unaltered. This finding, together with the high latent heat values after the 396 

thermal cycles, indicates that the LA@CGC structure is chemically, thermally and structurally stable 397 

under the heating/cooling cycles and are suitable for thermal energy storage/release applications. 398 

 399 

As illustrated in Figure 10, we attributed the excellent thermal storage capacity and thermal response of 400 

the LA@CGC nanocomposites to two main factors. Firstly, the high pore volume and consequently 401 

loading capacity of CGC sandwich-like structure, endowed by the vertical orientation of the CSH 402 

nanoplates of the surface of GO, enabled the formation of PCM materials with thermal storage capacity a 403 

par to the pure PCM compound without any support. Secondly, given that the thermal conductivity of 404 

graphene-based materials (~8.8 W m−1 K−1 for reduced GO with oxygen coverage of 20% 32) is 405 

significantly higher than CSH and LA (0.98 and 0.22 W m−1 K−1, respectively 53-54), the reduced GO is 406 

proposed to provide a conductive channel that effectively transports the heat to the vertically aligned CSH 407 

nanoplates and, subsequently, to the LA. Corroborating this point, it is well documented that the addition 408 

of GO or reduced GO can considerably increase the thermal conductivity of cement composites by 409 

creating heat conduction channels within the hydrated cement paste (i.e., C-S-H matrix) 55-57. 410 

 411 
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 412 

Figure 10. Possible mechanism for high thermal capacity and fast thermal-response rate of the 413 

LA@CGC nanocomposites. a) Schematic showing the possible heat propagation within the LA-loaded 414 

in pure CSH nanoplates during heating. Due to the enclosed pores, the CSH structure is not completely 415 

filled with the PCM material. b) Possible heat propagation within the LA@CGC during heating. The 416 

monolayer GO sheets function as ‘nano-wires’ and effectively transport the heat through the mesoporous 417 

structure, which is fully loaded with LA. 418 

 419 

Lastly, to evaluate the compatibility of LA@CGC with cement-based matrixes and, thereby, its 420 

applicability for the fabrication of thermally efficient building materials, we incorporated the 421 

nanocomposites into Portland cement pastes at the ratios of 1% and 5% (of the mass of cement) 58. The 422 

hydration heat of the pastes was also measured to evaluate the effect of the LA@CGC nanocomposites on 423 

Portland cement hydration. It was found that the LA@CGC nanocomposites could be uniformly 424 

distributed with the cement without visible segregations (Figure 11a). As the colour of the LA@CGC 425 

nanocomposites is black, the paste with LA@CGC was slightly darker than the reference (without 426 

LA@CGC). Figure 11b shows the hydration heat evolution rate of the Portland cement paste samples. It 427 

can be observed that the peak of the hydration process progressively shifted to earlier times as the 428 

addition of LA@CGC increased, demonstrating that the LA@CGC nanocomposites can effectively 429 

accelerate the hydration reaction of Portland cement. This acceleration is similar to that observed for 430 

cement pastes with CSH seeds 59 and suggests that the CSH in the LA@CGC nanocomposites can 431 

promote the nucleation of CSH products and contribute to the early strength development of Portland 432 
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cement. The higher cumulative heat at the early stage of the hydration (< 40 h) of the pastes with 433 

LA@CGC corroborates the nanocomposites accelerated the hydration of Portland cement (Figure 11c). 434 

These findings pinpoint that LA@CGC can function not only as thermal storage material but also as a 435 

cement additive with potential application to sustainable cement with slow setting and hardening 436 

properties (e.g., cement containing waste fly ash 60). 437 

 438 

 439 

Figure 11. Portland cement composites with incorporation of LA@CGC. a) Digital camera 440 

photograph showing the reference cement paste sample (without LA@CGC) and cement paste samples 441 

with incorporation of 1% and 5% LA@CGC (percentage of the mass of cement) inside the glass 442 

ampoules used in the isothermal calorimetry experiments. b,c) Rate of hydration heat flow (b) and 443 

cumulative heat flow (c) of the cement paste samples.  444 

 445 

CONCLUSIONS 446 

We introduced a novel strategy to synthesize mesoporous sandwich-like composite structures based on 447 

CSH and GO with potential use as ss-PCM for thermal storage applications. The synthesized CGC 448 

sandwich-like structures were composed of ultra-thin CSH nanoplates perpendicularly grown on both 449 

sides of GO nanosheets. The unique nanostructure endowed the sandwich-like CGC with a high specific 450 

surface area (677 m2 g-1) and pore volume (~2.5 cm3 g-1), values significantly higher than previously 451 

reported 3D CSH structures. We demonstrated that CGC sandwich-like mesoporous structures possess 452 
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high LA loading capacity and excellent thermal and chemical stability. The synthesized LA@CGC 453 

nanocomposites displayed a PCM latent heat percent average value of 76.2%, surpassing both silica-454 

based and mineral-based ss-PCM’s. After 50 thermal cycles, the nanocomposites still presented 92%-99% 455 

of the latent heat capacity of the first cycle. The potential use of the LA@CGC as additives for Portland 456 

cement composites was also demonstrated, with the results indicating that the nanocomposites can be 457 

uniformly distributed within cement matrixes and promote the cement reaction. Given the vast 458 

availability, low cost, and good compatibility of CSH with cement-based materials, in addition to the 459 

reinforcing effects of GO nanosheets in cementitious matrixes, the reported ss-PCM composites appear as 460 

a sustainable option for thermal energy storage in construction materials. 461 
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