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Abstrac 12 

Hydrated-salt phase change materials are promising candidates for low-temperature thermal 13 

energy storage; however, their practical application is often limited by structural instability, salt 14 

migration, and insufficient compatibility with supporting matrices. In this study, a freeze-dried 15 

porous cellulose/Zn-containing composite incorporating zinc nitrate hexahydrate was developed 16 

and optimized as a bio-based support for latent heat storage. The cellulose-derived porous 17 

framework provided a scaffold for accommodating and confining Zn-containing species within the 18 

composite structure. X-ray diffraction analysis indicated the presence of Zn-containing crystalline 19 

phases, while FTIR spectroscopy suggested interactions among the cellulose matrix, nitrate 20 

groups, and Zn-containing species. SEM/EDS observations supported the presence and 21 

distribution of Zn-containing particulate domains within the cellulose-based scaffold, with feature 22 

sizes predominantly in the nanometric range. Thermal analysis showed improved thermal stability 23 

compared with neat cellulose, as evidenced by a shift of the main degradation region toward higher 24 

temperatures. Differential scanning calorimetry revealed a latent heat storage capacity of 157.1 J/g 25 

and a peak melting temperature of 39.05 °C, indicating the suitability of the composite for low-26 

temperature thermal energy storage. Overall, the results suggest that freeze-dried porous 27 

cellulose/Zn-containing composites are promising sustainable support materials for hydrated-salt 28 

phase change systems, although further porosity, leakage, and thermal cycling studies are required 29 

to fully assess long-term practical performance. 30 

 31 

Keywords: Cellulose composite; Porous scaffold; Zn-containing species; Zinc nitrate 32 

hexahydrate; Phase change material; Thermal energy storage; Latent heat; Thermal stability 33 

1. Introduction: 34 

Aerogels, first pioneered by Kistler in 1931 [1], represent a unique class of ultra-lightweight 35 

porous materials. Due to their exceptional properties, including high porosity, significant specific 36 

surface area, low dielectric constant, and tunable thermal conductivity, they have attracted 37 

considerable attention across various industrial sectors [2–4]. Recent advancements have expanded 38 

their application to controlled drug delivery systems [11], high-capacity biosorbents [12], and 39 

efficient oil recovery and emulsion separation [13–15]. 40 

The versatility of aerogels stems from the diverse range of matrices available, including silica, 41 

zirconia, alumina, carbon, and cellulose [16]. Among these, cellulose aerogels have emerged as a 42 

sustainable and eco-friendly alternative to synthetic counterparts, owing to the abundance, 43 
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renewability, and cost-effectiveness of cellulose [17,18]. These bio-based aerogels have 44 

demonstrated significant potential in thermal insulation, advanced electronic components, and 45 

biomedical engineering [19–21]. 46 

The fabrication of cellulose aerogels typically involves the formation of a hydrogel precursor 47 

followed by a drying process to remove the solvent while preserving the porous network. While 48 

various drying techniques exist, freeze-drying is frequently employed due to its ability to maintain 49 

structural integrity and tailor the morphology of the resulting aerogel [22,25]. Furthermore, recent 50 

studies have explored the role of specific solvent systems, such as molten salt hydrates, in the 51 

dissolution and regeneration of cellulose to functionalize the aerogel matrix [14,20]. 52 

Despite these advancements, there is a growing interest in developing multifunctional cellulose 53 

nanocomposites that integrate metallic nanostructures and hydrate salts for enhanced thermal 54 

energy storage. In this study, we propose a one-pot synthesis of a cellulose/zinc-containing 55 

nanocomposite aerogel via a freeze-drying approach. It is hypothesized that zinc nitrate 56 

hexahydrate (Zn(NO3)2⋅6H2O) may serve a multi-functional role: (i) as a structural agent for 57 

cellulose regeneration, (ii) as a potential precursor for the formation of zinc-based phases within 58 

the porous framework, and (iii) as a hydrated salt component for latent heat storage. The primary 59 

objective is to investigate the structural, chemical, and thermal properties of the resulting 60 

nanocomposites using XRD, FTIR, DSC, SEM-EDS, and TGA, and to evaluate the potential of 61 

the cellulose matrix in encapsulating the hydrated salt for thermal management applications. 62 

2. Experimental Section: 63 

2.1. Materials and Reagents: 64 

The primary polysaccharide source used in this study was pharmaceutical-grade hydrophilic cotton 65 

cellulose fibers, obtained from Kaveh Co. (Saveh, Iran). According to the manufacturer’s 66 

specification, the cellulose possessed a high α-cellulose content of >98%(purity), with a weight-67 

average molecular weight (Mw) of approximately 1.8×105g/mol (corresponding to a degree of 68 

polymerization of about 1100) [1]. To ensure the removal of any non-cellulosic components such 69 

as waxes and pectins, the raw fibers were thoroughly washed with deionized water and NaOH, 70 

followed by drying in a vacuum oven at 60 °C for 24 hours. The structural integrity and functional 71 

groups of the purified cellulose were verified via FTIR and XRD analysis prior to use. Zinc nitrate 72 

hexahydrate (Zn(NO3)2⋅6H2O) was purchased from Merck (Darmstadt, Germany), and deionized 73 

water was supplied by Zolal Teb Shimi Co. (Tehran, Iran). All chemical reagents were of analytical 74 

grade and used as received without further purification. 75 

2.2. Characterization Techniques 76 

The prepared freeze-dried porous cellulose/Zn-containing composites were characterized using 77 

complementary analytical techniques to evaluate their structural, chemical, morphological, 78 

elemental, and thermal properties. X-ray diffraction (XRD) analysis was carried out using an 79 

Equinox 3000 diffractometer (INEL, France) to identify the crystalline phases present in the 80 

composites. Fourier-transform infrared (FTIR) spectroscopy was performed using a PerkinElmer 81 

Spectrum One instrument (USA) to examine the functional groups and possible interactions among 82 

the composite components. The morphology and porous structure of the samples were examined 83 

by scanning electron microscopy (SEM) using a Philips XL30 microscope (Netherlands). The 84 

elemental composition and distribution of Zn in the composite matrix were analyzed by energy-85 

dispersive X-ray spectroscopy (EDS) using an Oxford Instruments Ultim Max system (UK). 86 

Thermogravimetric analysis (TGA) was conducted using a PerkinElmer Diamond instrument 87 

(USA) to evaluate the thermal stability and decomposition behavior of the samples. Differential 88 
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scanning calorimetry (DSC) measurements were performed using a Netzsch DSC 214 Polyma 89 

instrument (Germany) to investigate the thermal transitions and phase change behavior of the 90 

hydrated-salt-containing composites. 91 

 92 

 93 

 94 

2.3. Synthesis Procedure 95 

The porous cellulose/Zn-containing composites were prepared through aqueous mixing, gel 96 

formation, and subsequent freeze-drying. To optimize the structural and thermal properties of the 97 

obtained composites, the effects of key synthesis parameters, including the concentration of zinc 98 

nitrate hexahydrate, the cellulose-to-salt ratio, processing temperature, and mixing time, were 99 

systematically investigated, as summarized in Table 1 and illustrated in Figure 1. In a typical 100 

preparation procedure, predetermined amounts of cotton-derived cellulose were dispersed in an 101 

aqueous solution containing zinc nitrate hexahydrate. The mixture was stirred under the selected 102 

experimental conditions shown in Table 1, leading to the formation of a cellulose-based hydrogel 103 

system. The resulting hydrogels were then subjected to freeze-drying at −50 °C and 0.05 mbar for 104 

24 h to obtain freeze-dried porous composite structures. 105 

Table 1. Experimental design and preparation conditions for the synthesized samples. 106 

Time 

(min) 

Tempetatuer 

(°C) 

Cotton/PCM 

%w/w 

Code 

65 75 1 P1T1M1 

75 85 1 2M2T1P 

65 75 0.7 1M1T2P 

75 85 0.7 2M2T2P 

65 75 0.5 1M1T3P 

75 85 0.5 2M2T3P 

 107 

 108 

Figure1 . Graphical representation of the preparation of porous cellulose-zinc-PCM 109 

nanocomposite aerogels from cotton cellulose fibers. 110 

 111 

2.4. Optimization and Characterization  112 
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To identify the optimal synthesis condition, all prepared samples were systematically characterized 113 

using XRD and FT-IR spectroscopy. The optimal sample, selected based on the structural integrity 114 

and chemical interactions confirmed by these analyses, was then subjected to further 115 

comprehensive characterization. The morphology, elemental composition, thermal stability, and 116 

thermal energy storage capacity of the optimized aerogel were evaluated using SEM, EDS, TGA, 117 

and DSC techniques, respectively. 118 

3. Results and discussion: 119 

3.1. Spectrum analysis (FTIR) 120 

FT-IR spectroscopy was used to examine the chemical structure of raw cotton cellulose and the 121 

synthesized cellulose/Zn-containing composite samples. The spectra were recorded over the range 122 

of 4000–500 cm−1for raw cotton cellulose and the prepared samples P2T1M1, P2T2M2, P3T1M1, and 123 

P3T2M2.The comparative spectra are presented in Figure 2 and Figure 3. 124 

The FTIR spectrum of raw cotton cellulose( Figures 2) exhibited the expected characteristic 125 

absorption bands of cellulose. The broad band around 3422 cm−1 was attributed to O–H stretching 126 

vibrations arising from intra- and intermolecular hydrogen bonding. The band near 2900 cm−1 127 

corresponded to C–H stretching vibrations in the polysaccharide backbone, while the absorption 128 

band around 1028 cm−1was associated with C–O and C–O–C stretching vibrations linked to the β-129 

1,4-glycosidic structure of cellulose. After incorporation of the Zn-containing component, 130 

noticeable changes were observed in the FTIR spectra of the composite samples. In particular, the 131 

O–H stretching band shifted to higher wavenumbers and its relative intensity decreased, suggesting 132 

interactions between cellulose hydroxyl groups and Zn-containing species, likely through 133 

coordination and/or hydrogen-bonding interactions. In addition, the attenuation of the cellulose-134 

related band near 1028 cm−1 indicates that the local environment of the cellulose network was 135 

modified during composite formation. New bands appearing around 1389 cm−1 and 1354 cm−1 
136 

were consistent with nitrate-related vibrations, supporting the presence of zinc nitrate within the 137 

cellulose-based structure. A band near 828 cm−1  may be associated with Zn–O vibrations. 138 

 139 

Figure2. FTIR spectrum of raw cotton cellulose. 140 
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 141 

Figure 3. FTIR spectra of cotton cellulose and synthesized cellulose/Zn nanocomposite aerogel 142 

samples (P2T1M1, P2T2M2, P3T1M1, and P3T2M2). 143 

Overall, the FTIR results indicate that the cellulose matrix retained its fundamental chemical 144 

structure after composite formation, while interacting with the Zn-containing species. However, 145 

FTIR alone does not provide direct evidence for nitrate reduction or definitive identification of all 146 

Zn-containing phases. Rather, the spectra support the incorporation and confinement of Zn-147 

containing species within the cellulose network. 148 

 149 

3.2. Crystalline Structure Analysis (XRD) 150 

The crystalline structure of the prepared porous cellulose/Zn-containing composites was examined 151 

by X-ray diffraction (XRD) using Cu Kα radiation (λ = 1.5406 Å) operated at 40 kV and 20 mA. 152 

Diffraction patterns were collected over the 2θ range of 0-80°. The XRD patterns of the prepared 153 

samples are shown in Figure 4, and the corresponding diffraction parameters are summarized in 154 

Table 2. All samples exhibited a broad diffraction feature centered at around 2θ ≈ 22.5°, which is 155 

characteristic of the cellulose-based matrix, together with sharper reflections associated with Zn-156 

containing crystalline phases. The presence and position of these reflections indicate that the 157 

crystalline phase composition was affected by the synthesis conditions. In particular, peaks 158 

observed at 2θ values of 15.47°, 18.35°, 33.88°, 36.93°, 39.48°, and 52.95° suggest the formation 159 

of different Zn-containing crystalline species within the porous cellulose framework. In general, 160 

sharper and more intense reflections indicate the formation of larger crystallite domains, whereas 161 

broader peaks are associated with smaller crystallites and/or lower structural order. The crystallite 162 

size of the Zn-containing phase was estimated using the Debye-Scherrer equation: 163 � = �λβcosθ 164 

where D is the crystallite size, K is the shape factor, λ is the X-ray wavelength, β is the full width 165 

at half maximum (FWHM) of the selected diffraction peak, and θ is the Bragg angle. As 166 

summarized in Table 2, the crystalline characteristics of the prepared composites were strongly 167 

dependent on the synthesis conditions. The reflections observed for the P1 series can be tentatively 168 

assigned to Zn(OH)2, whereas those in the P2 and P3 series may be indexed to ZnO and ZnO2 169 

related phases, suggesting a change in the Zn-containing crystalline species with processing 170 

conditions. In the P2T2M2 sample, the diffraction pattern indicates the coexistence of more than  171 
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one crystalline phase. A clear inverse relationship between FWHM and calculated crystallite size 172 

was observed. The P1 samples showed relatively low FWHM values (0.19-0.20°) and the largest 173 

crystallite sizes, reaching 40.1 nm for P1T1M1 and 42.5 nm for P1T2M2. In contrast, the P2 and P3 174 

samples exhibited broader peaks, with FWHM values ranging from 0.46 to 0.59°, corresponding 175 

to smaller crystallite sizes in the range of approximately 14.9-19.1 nm. The smallest crystallite size 176 

was obtained for P3T2M2 (14.9 nm), which also showed the highest FWHM value (0.59°). 177 

Table 2. XRD parameters and estimated crystallite sizes of the composite samples. 178 

Sample Tentative 

Phase 

Position 

(2θ, °) 
FWHM 

(°2θ) 
Intensity 

(cts) 

D 

(nm) 

P1T1M1 Zn (OH)2 15.47 0.20 128 40.1 

P1T2M2 Zn (OH)2 18.35 0.19 319 42.5 

P2T1M1 ZnO 33.88 0.52 33 16.1 

P2T2M2 Zn / ZnO2* 39.48 / 36.93 0.25 / 0.46 72 / 57 34.8 / 19.1 

P3T1M1 ZnO2 52.95 0.55 57 16.4 

P3T2M2 ZnO2 36.91 0.59 48 14.9 

*Multiphase coexistence observed. 179 

Note: Crystallite size (D) was estimated using the Debye–Scherrer equation. 180 

 181 

These findings are consistent with the SEM and TGA results and further support the presence of 182 

Zn-containing crystalline phases within the porous cellulose-based matrix. The smaller crystallite 183 

sizes observed in the P2 and P3 series may be associated with restricted crystal growth within the 184 

cellulose-derived porous network. Overall, the XRD results indicate that the crystalline features of 185 

the composites can be tuned by changing the preparation conditions, which may subsequently 186 

influence their structural and thermal behavior. 187 

 188 

Figure 4: X-ray diffraction (XRD) patterns of the prepared cellulose/Zn-containing composite aerogels. 189 

All patterns show the characteristic broad cellulose diffraction band around 2θ ≈ 22.5°, together with 190 

sharper reflections associated with Zn-containing crystalline phases. The stacked presentation facilitates 191 

comparison of phase evolution among samples prepared under different synthesis conditions 192 
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Figure 4 displays the stacked X-ray diffraction (XRD) patterns of the synthesized cellulose/Zn-193 

containing composite aerogels. All patterns exhibit a characteristic broad diffraction feature 194 

centered at around 2θ ≈ 22.5°, which is typically attributed to the amorphous-to-semi-crystalline 195 

framework of the cellulose matrix. Superimposed on this broad baseline, several distinct reflection 196 

peaks are observed within the 2θ ranges of approximately 15°–20°, 30°–40°, and 50°–60°, 197 

suggesting the presence of crystalline Zn-containing species within the porous network. The 198 

stacked visual presentation highlights notable variations in peak intensity and line broadening as a 199 

function of processing conditions. Based on peak positions and literature comparison, the observed 200 

reflections can be tentatively indexed to Zn(OH)2, ZnO, and related Zn-containing phases, as listed 201 

in Table 2. Samples prepared under milder synthetic conditions (such as the P1 series) exhibit 202 

relatively sharp and intense reflections, corresponding to larger apparent crystallite sizes (up to 203 

~42.5 nm). In contrast, the P2 and P3 series display broader diffraction peaks with higher FWHM 204 

values (reaching 0.59°), pointing toward smaller crystallite domains (down to ~14.9 nm for 205 

P3T2M2) or reduced short-range structural ordering, likely caused by spatial confinement during 206 

crystal growth inside the cellulose channels. Overall, these XRD findings are in general agreement 207 

with the morphological (SEM) and thermal (TGA) observations, supporting the influence of 208 

synthesis parameters on the inorganic phase assembly within the composite network. 209 

 210 

.3.3. Morphological and Elemental Characterization 211 

SEM analysis was performed to evaluate the surface morphology of the prepared porous 212 

cellulose/Zn-containing composite. As illustrated in Figure 5, the sample showed a porous and 213 

heterogeneous microstructure with Zn-containing particulate features distributed throughout the 214 

cellulose-based matrix. These features were observed with sizes ranging from approximately 15 215 

to 130 nm. EDS analysis (Figure 6) revealed O, Zn, and N as the principal detected elements in 216 

the analyzed region. The presence of Zn supports the incorporation of Zn-containing species into 217 

the composite, whereas the N signal provides supporting evidence for the nitrate-containing PCM. 218 

The Au peaks are attributed to the gold coating applied prior to SEM analysis. Taken together, the 219 

SEM and EDS results confirm the successful formation of a Zn-containing porous cellulose-based 220 

composite and are consistent with the structural characteristics observed in the other analytical 221 

results. 222 

 223 

Figure 5. SEM micrograph of the porous cellulose/Zn-containing composite (sample P2T2M2), 224 

illustrating the surface morphology and dispersed Zn-containing particulate features within the 225 

cellulose-based matrix. 226 

The SEM micrograph of sample P2T2M2 reveals a porous and heterogeneous surface morphology, 227 

indicative of a cellulose-based composite framework with developed void structure. Zn-containing 228 
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particulate features are observed throughout the matrix, with approximate sizes in the range of 15–229 

130 nm. These observations suggest the incorporation of Zn-containing domains within the porous 230 

cellulose network. 231 

 232 

Figure 6. Elemental composition and EDS spectrum of the porous cellulose/Zn-containing 233 

composite (sample P2T2M2). 234 

The EDS spectrum provides qualitative elemental support for this interpretation by confirming the 235 

presence of Zn in the analyzed region, together with O as a major constituent of the cellulose-236 

based structure. The detected N signal may be associated with the nitrate-containing PCM 237 

embedded within the composite matrix, while the Au peaks arise from the gold coating applied 238 

prior to SEM examination. Overall, the SEM and EDS results are consistent with the formation of 239 

a porous cellulose/Zn-containing composite and support the structural features inferred from the 240 

complementary characterization analyses. 241 

 242 

3.4. Thermal Stability Analysis (TGA) 243 

The thermal stability of neat cotton cellulose and the P2T2M2 composite was evaluated by 244 

thermogravimetric analysis under a nitrogen atmosphere, and the corresponding curves are 245 

presented in Figure7. As observed, neat cotton cellulose shows the characteristic thermal 246 

degradation behavior of cellulosic materials, with the major weight-loss step occurring within the 247 

intermediate temperature region as a result of depolymerization and decomposition of the 248 

polysaccharide backbone. By contrast, the P2T2M2 composite displays a clear improvement in 249 

thermal resistance, as evidenced by the displacement of the main degradation region toward higher 250 

temperatures and the higher residual mass retained at 600 °C. 251 

This enhanced thermal behavior can be attributed to the incorporation of the Zn-containing phase 252 

within the cellulose-based porous structure. The inorganic component likely acts as a thermally 253 

stabilizing domain that restricts chain mobility, suppresses the release of volatile degradation 254 

products, and promotes the formation of a more stable carbonaceous char during heating. The 255 

higher char yield of the composite further supports the assumption that the Zn-containing phase 256 

contributes to the development of a protective residue, which retards the progress of thermal 257 

decomposition. 258 

 259 
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 260 

Figure 7. TGA curves of neat cotton cellulose and P2T2M2 under nitrogen, showing enhanced 261 

thermal stability and char yield of the composite. 262 

Compared with neat cotton cellulose, the P2T2M2 composite exhibited a shift in the main 263 

degradation region toward higher temperatures, together with a higher residual mass at 600 °C. 264 

These findings indicate that the Zn-containing phase modified the thermal degradation pathway of 265 

cellulose, delayed its decomposition, and promoted char formation. The resulting improvement in 266 

thermal resistance may be beneficial for porous functional materials operating under elevated-267 

temperature conditions. 268 

 269 

3.5. Differential Scanning Calorimetry (DSC) Analysis 270 

The thermal energy storage performance and phase transition characteristics of the optimized 271 

porous cellulose/Zn-containing composite (sample P2T2M2) were systematically investigated via 272 

differential scanning calorimetry (DSC); the results are illustrated in Figure 8. The DSC 273 

thermogram reveals multiple endothermic transitions, confirming the effective integration of the 274 

phase change material (PCM) within the porous cellulose-based matrix containing Zn-derived 275 

species. The primary endothermic peak commences at 28.8 °C and reaches its maximum at 39.05 276 

°C, which is ascribed to the melting of the incorporated PCM. The enthalpy of fusion ∆H) was 277 

determined to be 157.1 J/g, signifying a substantial latent heat storage capacity and indicating that 278 

the PCM preserves its phase-change functionality within the composite architecture. A secondary 279 

broad endothermic transition was observed in the 63.2–152 °C range ∆H = 421 J/g. This thermal 280 

event is likely associated with structural relaxation, the desorption of physically bound species, 281 

and/or thermally induced conformational changes within the composite matrix. Furthermore, a 282 

high-temperature endothermic event was detected within the 280.9–345.2 °C range ∆H = 243.7 283 

J/g, corresponding to the thermal decomposition of the cellulose framework and the breakdown of 284 

structurally ordered domains. This finding corroborates the TGA results, which likewise indicate 285 

the onset of significant structural degradation within this temperature regime. Notably, the 286 

incorporation of the Zn-containing nanophase shifts the onset of thermal degradation to 287 

approximately 345 °Ca substantial improvement compared to neat cotton cellulose (ca. 315 °C). 288 

In summary, these results demonstrate that the synthesized porous cellulose/Zn-containing 289 

composite effectively combines significant latent heat storage capacity with enhanced thermal 290 

stability, validating its potential for advanced energy-management applications. 291 
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 292 

 293 

 294 

Figure 8. DSC analysis of cellulose/Zn nanocomposite aerogel sample P2T2M2 295 

Overall, the obtained results indicate that the developed porous cellulose/Zn-containing composite 296 

is a promising candidate for thermal energy storage applications. However, further investigation 297 

involving quantitative porosity analysis, leakage assessment, and repeated thermal cycling is 298 

required to more comprehensively evaluate its structural integrity, PCM retention capability, and 299 

long-term performance under practical operating conditions. 300 

 301 

4. Conclusion 302 

In this study, a freeze-dried porous cellulose/Zn-containing composite incorporating zinc nitrate 303 

hexahydrate was successfully developed as a bio-based support for low-temperature thermal 304 

energy storage applications. Structural and compositional analyses indicated that the cellulose-305 

derived porous framework effectively accommodated Zn-containing crystalline species and 306 

promoted their distribution within the composite matrix. FTIR results suggested interactions 307 

among cellulose functional groups, nitrate ions, and Zn-containing species, while XRD confirmed 308 

the presence of Zn-containing crystalline phases formed under the applied processing conditions. 309 

SEM/EDS observations further supported the porous morphology of the scaffold and the presence 310 

of Zn-containing particulate domains distributed throughout the cellulose matrix. Thermal 311 

analyses demonstrated that the composite exhibited improved thermal stability compared with neat 312 

cellulose, as reflected by the shift of the main degradation region toward higher temperatures and 313 

the formation of a higher residual mass after thermal treatment. Differential scanning calorimetry 314 

showed that the optimized sample (P2T2M2) possessed a latent heat storage capacity of 157.1 J/g 315 

and a peak melting temperature of 39.05 °C, indicating its potential suitability for low-temperature 316 

thermal energy storage systems. Overall, the findings suggest that freeze-dried porous 317 

cellulose/Zn-containing composites are promising sustainable support materials for hydrated-salt 318 

phase change systems. Nevertheless, further investigations including quantitative porosity 319 

analysis, leakage resistance evaluation, and long-term thermal cycling tests are necessary to fully 320 

assess their practical applicability and long-term performance. 321 
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